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Restoration efforts within the coastal zone of southern Louisiana have assumed greater 
importance in the wake of recent storms and ever increasing sea level rise. A poorly studied 
geomorphic structure known as the Caminada-Moreau maritime beach ridge complex exists 
along the southeastern Louisiana coastline between Grand Isle and the Port of Fourchon.  Active 
subsidence in the area has reduced the overall elevation of these structures, decreasing the live 
cover of its most noticeable feature, stands of Quercus virginiana (live oak), along the ridge 
spines. 
Elevation data was gathered along and across four randomly selected ridges in the study 
area with survey-grade differential GPS techniques.  Calculated precision for these 
measurements, with respect to the base station, was ± 1.9 mm horizontally and ± 4.8 mm 
vertically (North American Vertical Datum 1988).  Elevations in the study site ranged from  
2.3 cm to 80.5 cm.   
Moisture content, bulk density, pH, soil salinity, loss on ignition, total carbon, total 
nitrogen, and total phosphorus data were plotted against elevation data and modeled statistically.  
Significant negative correlations existed between elevation and all soil properties measured 
except pH and bulk density, which had significant positive correlations with elevation. 
Plant species identification, cover data, height, and basal diameter were gathered at each 
surveyed and sampled location in order to determine species richness, dominance, and relative 
dominance.  Species richness was plotted against elevation and statistically modeled, which 
resulted in a highly significant (p<0.0001), positive correlation (r=0.72).  Dominance was used to 
produce a relevant species list from the original list of 25 identified species.  As herbaceous 
species dominance decreased with increasing elevation, shrub dominance increased.  Trees were 
only found in the highest elevation category. 
viii 
 
These data can provide a guideline for future restoration initiatives in the study area.  A 
restored ridge spine elevation of 1.6 m (NAVD 88) is recommended, taking into account local 
subsidence rates and sea level rise, mean elevation data for Quercus virginiana, and a project life 
of 100 years.  A volume estimate of 1.6 million m3 of sediment may be necessary to restore all 
27 km in the study site to the recommended elevation. 
 
   




















 Environmental concerns are the focus of many of today’s political, social, and economic 
disputes.  Increasing awareness of manmade and natural effects to the world around us has 
placed greater importance on environmental interaction in the past several decades.  As the 
scientific community continues to progress the understanding of this interaction, policy shifts 
accordingly.          
 The world’s coastal zones have seen significant environmental change throughout the 
course of recent civilization.  Trade, commerce, subsistence, and tourism are all contributing 
factors to this radical altercation of the landscape.  A substantial segment of the population lives 
in the relatively narrow band between land and water.  Increased pressure as world population 
rises complicates this issue.  Changes to the land, therefore, are compounded by social and 
political factors (Clark, 1996).    
 Wetlands exist in a particularly delicate state within the world’s coastal zone.  
Comprising an estimated five percent of the earth’s land surface, these features are distinguished 
by the presence of water, hydrophytic soil, and associated vegetation.  Increased sensitivity to 
pollutants, toxins, and drainage can result in dramatic changes to this environment (Mitsch, 
2005).  Resources are plentiful in these areas, creating an economic friction point that is often at 
odds with environmental well-being.  Natural processes are often at work in wetlands, 
modifying, destroying, and creating in relatively short amounts of geologic time.  Recent trends 
indicate that wetland loss worldwide is substantial and problematic (Clark, 1996).   
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 Wetland loss in Louisiana occurs at an alarming rate.  It is estimated that over 4900 km² 
of wetlands have disappeared since 1900 (Day et al., 2007).  Scientific explanations for this loss 
are varied.  Subsidence, levee building, natural erosion, delta switching, and resource excavation 
are a few of the many contributors to this substantial wetland loss (Roberts et al., 1997).  Loss of 
storm protection for infrastructure, diminished food supply, and displacement of a resident 
population are some of the documented results of ongoing wetland retreat and loss  
(Walker et al., 1987).    
 Louisiana’s coastal area comprises over forty percent of the coastal wetlands in the 
United States (Coleman et al., 1998).  Louisiana is responsible for greater than thirty percent of 
the nation’s fisheries catch.  Over eighty percent of all marine life in the Gulf of Mexico uses the 
Louisiana coastal area as part of its lifecycle.  It also supports millions of migratory waterfowl 
and other avian species.  Petroleum production in the state’s coastal zone is valued at over 30 
billion USD annually (Day et al., 2005). 
 Louisiana’s current coastal configuration began its history approximately 8,000 years bp.  
A decrease in sea level rise occurred at this time, allowing the river’s sediment deposits to 
accumulate across a broad, shallow region (Kulp et al., 2005).  As the delta grew, the river’s path 
to the Gulf of Mexico became less efficient.  Eventually, the river chose a new path and began 
building another delta.  This process, known as avulsion, typically occurred every 1000-1500 
years (McBride et al., 2007).  The old delta system, devoid of sedimentation and unable to 
maintain its position above sea level due to subsidence, began a process of decay.  This 
transgressive cycle eventually ended with the complete dissolution of the original delta, or with 
renewed sediment input as the river switched course back to the preexisting delta (Figure 1-1).  
This constructive and destructive pattern occurred at least seven times within the current 
landscape (Figure 1-2).  
 
Figure 1-1.  Deltaic processes representative of Mississippi River lobes  




Figure 1-2.  Mississippi River delta lobe sequence (McBride et al., 2007) 
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 The Caminada-Moreau headlands are located to the west of the modern-day Mississippi 
River Balize delta (Figure 1-3).  Rapid sedimentation occurred in the area between 300 and 2500 
years ago (Gerdes, 1982).  This was a result of deposition from the Mississippi River as it 
prograded into the Gulf of Mexico.  Specifically, the headlands were formed as part of the 
Lafourche delta lobe complex.  It is the most recent delta system prior to the current Modern  
(Balize) delta.  Once devoid of its sediment source, the abandoned delta complex began a 
destructive cycle of decay.         
 
Caminada-Moreau Headland 
           and Grand Isle 
Figure 1-3.  Spatial location of Caminada-Moreau Headland  
                             with respect to southeast Louisiana (USGS) 
 
 Several important manmade structures currently exist in the area.  The Port of Fourchon  
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(Figure 1-4) handled over 38 million tons of cargo in 2006.  It is the industrial center for 
Louisiana’s offshore oil exploitation, responsible for over seventy percent of deepwater Gulf of 
Mexico projects (Paganie, 2007).  The Louisiana Offshore Oil Platform (LOOP) pipeline runs 
parallel to the port and through the Caminada-Moreau headlands.  Over 1.4 million barrels of 
crude oil per day are transported through the LOOP pipeline, which accounts for between fifteen 
and eighteen percent of the nation’s oil supply (Dietsch, 1980).  It is considered a national 
strategic asset.  Louisiana State Highway One, the only evacuation route for permanent residents 
of Grand Isle, dissects the headlands to the north.  The economic value of these structures to the 
state of Louisiana and the nation is significant. 
   
 
Figure 1-4.  Low oblique aerial photograph of Port Fourchon (Paganie, 2007) 
 
 The forces which built the Caminada-Moreau headlands are no longer active.  Because of 
the rapid sedimentation that occurred, an equally substantial rate of subsidence is present in the 
area.  The headlands have experienced some of the highest rates of erosion in the United States 
in the past century (Penland et al., 2003).  The protruding land mass was exposed to increased 
wave action from the Gulf of Mexico.  Because of its relative youth, high levels of compaction 
were common as newly deposited sediment settled.  Subsidence was compounded by eustatic sea 
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level rise (Pethick, 2001).  Oil pipeline drilling and commerce in the area also increased erosion 
and subsidence rates throughout the middle 20th century.  These factors resulted in substantial 
landward retreat and interior marsh dissolution (Figure 1-5), (Penland et al., 2005). 




Figure 1-5:  Historic land loss in the Caminada-Moreau Headlands, 1887 to 1988 
 (Williams et al., 1992)  
  
A distinct geomorphologic area exists within the headland system.  Between present-day 
Bayou Lafourche and Grand Isle, south of Louisiana state Highway One, over seventy westward-
trending maritime beach ridges are identified extending to the shoreline (Figure 1-6).  These 
ridges have complementary low-gradient, tidally influenced swales, a common associative 
feature with beach ridge sets.  A substantial amount of scholarly debate exists over the formation 
of beach ridges similar in geographic representation (Tanner, 1995), (Otvos, 2000), (Taylor and 
Stone, 1996).  Forcing mechanisms discussed include wave-driven, aeolian, and storm-built 
processes.  These features are found worldwide (Smart, 1976), (Hesp et al., 2005), (Schwartz, 
2005) and often share similar characteristics.  
The formation of these ridges likely occurred during intermittent prograding of the coast 
towards the end of the Lafourche delta building sequence (Gerdes, 1982).  Sediment sources to 
the east of the ridges sent pulsed discharges as distributaries were alternately activated and 
abandoned.  Dominant wave action directed sediment loads in a westerly direction, as the current 
Balize delta was not built (Harper, 1977).  These pulses formed the ridge pattern present today.   
 
Figure 1-6.  Caminada-Moreau maritime beach ridge complex (USGS DOQQ, 2005)     
Elevations along the ridges varied, but an elevation gradient and subsequent vegetation response 
is observed.  Because of the relatively high elevations, Quercus virginiana colonies were 
prevalent along the spines of the ridges, affording greater structural integrity.  The semi-
permanent nature of these structures also provided increased storm protection for local residents 
and present-day commercial interests in the area (Campbell et al., 2005).  Longevity, protection, 
and vegetation provided habitat for migratory waterfowl and seabird nesting activities  
(Visser and Peterson, 1994).   
7 
 
Because of the size and scope of land area involved, the Caminada-Moreau ridges are 
considered a beach ridge complex.  This term implies the presence of two or more parallel ridges, 
which are regressive in nature and progradational in formation (McBride et al., 2007).  When 
directly compared to the more documented Chenier plain of Southwest Louisiana, the Caminada-
Moreau ridges are shorter, narrower, lower, and more closely stacked (Figure 1-7).  Chenier 
ridge system spines often reach heights of 3 m or greater (Neyland and Meyer, 1997).  Also, the 
dominant processes responsible for the formation of the Caminada-Moreau ridges were 
regressive; a combination of transgressive, regressive, and lateral accretion processes were 
responsible for the Chenier system (McBride et al., 2007), (Kulp et al., 2005). 
   
    
Figure 1-7.  Comparison of Chenier (left) (McBride et al., 2007)  
                          and beach ridge (right) (Goy et al., 2003) development 
 
 Natural and manmade processes that have contributed to land loss in the headland area 
are also experienced along the beach ridge complex.  Sand mining and oil pipeline development 
have altered the landscape.  Subsidence rates at Port Fourchon currently average an estimated 
2.40 cm/yr (Mugnier, 2000).  Saltwater intrusion combined with decreased overall land height 
has possibly led to a noticeable vegetation change.  Storm surge from recent hurricanes and 
winter cold fronts continue to exact losses in net land volume and vegetation (Penland, 2003).  
These factors all contribute to rapid depletion of this important ecosystem and its associated 
benefits.   
8 
 
 Recent beach armoring projects have had some success in reducing the landward retreat 
of the headland system directly to the south of present commercial infrastructure (Penland et al., 
2003).  Segmented breakwaters protect three miles of coastline between the port structure and 
Belle Pass (Figure 1-8), but subsidence and land loss continues unabated throughout a sizeable 
section of beach.  
 
Figure 1-8:  Segmented breakwaters similar to Fourchon Beach  
   structures (Campbell et al., 2005). 
 
  Future restoration projects are currently being assessed for feasibility in the area of the 
beach ridge system in order to retain the environmental and economic benefits that it supports.  
The importance of this area remains high because of commercial impacts and the unique 





A thorough classification of the Caminada-Moreau maritime beach ridge complex does 
not currently exist.  Any future restoration project in the area would require significant 
knowledge of existing geomorphology, vegetation, and their interaction in order to determine 
protocol for implementation.  This study seeks to provide an understanding of ridge height 
elevation and its association with vegetation, soil composition, pH, and salinity within the 
complex.  The data derived from these interactions will be available for use with future 
restoration projects to ensure that knowledgeable decisions are made with respect to project 
implementation.  Often, a cost/benefit analysis is conducted prior to implementation of a 
restoration project.  Building ridge structures will most likely lead to an increase in cost when 
compared to a more simplified structure.  To quantify the possible ecological benefits from 
replicating these structures, classification of existing interactions is valuable.      
Problem Statement 
 Traditional restoration efforts often suffer high vegetation planting mortality rates.  
Because of the complicated hydrology and elevation changes associated with maritime beach 
ridges along the Louisiana coastline, many different factors require thorough analysis prior to 
restoration.  The complex association between soils, salinity, elevation, and vegetation demands 
careful analysis for successful implementation of restorative efforts.  Documentation of increased 
vegetation diversity along the ridge structure may show the opportunity for increased ecosystem 
productivity. 
Goal and Objectives 
 The goal of this study is to collect accurate, relevant data about the Caminada-Moreau 
maritime beach ridge complex in order to provide insight towards future successful restoration 
efforts.  In order to fulfill these goals, three objectives were established:  1) compile elevation 
data along the four representative ridges using survey-grade differential GPS techniques,  
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2) determine soil composition at all surveyed points, and 3) sample and characterize vegetation 
at all surveyed points.  These objectives were established in order to determine interactions 
between elevation, soil, and vegetation.  Results are intended to provide scientists and engineers 
with a basic framework for maritime beach ridge improvement/restoration protocols in 
southeastern Louisiana.  This project may also justify implementation of similar elevation 
gradient systems in degraded coastal areas due to increased productivity potential and life 
expectancy (Tilman, 2000).      
Hypotheses 
Hypothesis 1:  Recent aerial photographs indicate a complex maritime ridge structure that 
suggests a measurable decrease in elevation from east to west, and from spine to peripherals 
along each ridge. 
Objective 1:  Gather precise elevation information along and across selected maritime beach 
ridges.  
 
Hypothesis 2:  Soil characteristics influence vegetation species location and dominance.  
Objective 2:  Determine soil physiochemical properties at surveyed sites along maritime beach 
ridges including bulk density, moisture content, salinity, pH, total carbon content, total nitrogen 
content, loss on ignition, and total phosphorus content.  
 
Hypothesis 3:  Significant changes in species richness, diversity, and dominance are observed 
along beach ridges due to microtopographic variation.    
Objective 3:  Determine species composition, cover, and height at all sampling stations in order 






SPATIAL ANALYSIS AND SURVEY OF MARITIME BEACH RIDGES 
  
Introduction 
 A Geographic Information System (GIS) is the practical application of geospatial data 
analysis (Campbell, 2002).  A GIS greatly enhances the ability of an analyst to plan and execute 
expedient data collection.  Useful information is available prior to implementation of field work.  
This information eliminates a substantial amount of spatial uncertainty before the analyst collects 
data on-site.  Integrating recent aerial imagery into the GIS database enables the production of 
spatially accurate map products for site navigation purposes (Avery and Berlin, 1992). 
 Utilizing measurement tools in a GIS also enables efficient planning of surveying a site.  
These estimates provide a framework for project execution.  Precise spatial data is then collected 
on-site with the planned GIS data used for orientation and estimation.  Once the high resolution, 
spatially precise data is collected, it is imported into the GIS to produce an accurate and precise 
projection of field data.    
 A high degree of difficulty is associated with determining accurate elevation.  This is a 
result of tidal fluctuations and imprecise or difficult to use equipment.  Traditional differential 
leveling, or “spirit leveling,” was the most common method used to determine elevation 
(Mugnier, 2006).  Local Mean Sea Level (MSL) was established at a specific point along the 
coast.  The point’s MSL was determined by recording tidal observations for a period of at least 
18.67 years.  This “metonic cycle”, first observed by the ancient Babylonians, accounted for 
solar fluctuations in tide range (Goldstein, 1966).  The method is currently utilized worldwide in 
MSL calculations (Emery, 1980).  The mean of these recordings was calculated and local MSL 
for that gauge established.  A benchmark at the tide gauge was used to initiate leveling 
measurements.  A survey crew used a rod and level from the benchmark to bring elevation 
calculations from the coast to the interior, 60-100 m at a time (Figure 2-1).  This process was 
slow, difficult, and prone to increased error over extended lengths. 
Figure 2-1.  Traditional differential leveling (Raftery, 2000) 
 
 The first official continental vertical datum established in this manner was in the United 
States and is referred to as the Sea Level Datum of 1929.  Tide gauge information from the 
Atlantic and Gulf coasts were used in its production.  Subsequent revisions and the addition of a 
denser network of tide gauge stations improved the accuracy of the Sea Level Datum over time.  
An unacceptable error of closure along level lines was eventually noted in coastal Louisiana, and 
this discrepancy was later attributed to subsidence (Mugnier, 2006).  Subsidence, in general 
terms, is the downward movement of the surface due to the sum of forces beneath the surface 
(Hamblin and Christiansen, 1995).  The North American Vertical Datum of 1988 (NAVD 1988) 
was published without data from southern Louisiana because of inaccuracies associated with 
subsidence.  This resulted in Louisiana’s inclusion as a “crustal motion area”, requiring special 
attention in order to ensure its correctness (Mugnier, 2006).  The downward movement is 
attributed to several factors, including compaction, soil dewatering, fluid withdrawal, tectonic 





 The traditional surveying methods used to establish these datums are often difficult to 
implement in the harsh environments associated with wetland areas.  Weight, durability, and 
accuracy of equipment affect the ability of the operator to conduct a successful survey.  
Emerging Global Positioning System (GPS) technology expanded the ability to survey remote 
areas and provided accurate spatial data, with respect to subsidence (Mugnier, 2006). 
 With the implementation of GPS, surveying practices began to change.  GPS operational 
status consists of 24 satellites in near-circular orbit; 21 in operational mode and 3 in stand-by 
mode. The current status of GPS is 30 satellites in operational mode.  Emplaced by the U.S. Air 
Force beginning in 1978, they are referred to collectively as NAVSTAR GPS (NAVigation 
Satellite Timing And Ranging Global Positioning System).  This technology, intended for 
military positioning and weapons delivery, was found viable for recreational, navigation, 
surveying and mapping purposes after the security classification was downgraded in 1993.  
Because of this declassification, accuracy increased to levels useful for surveying practices 
(Daly, 1993). 
Observations calculated for the geoid, an invisible equipotential surface that most closely 
corresponds to mean sea level, allow the user to derive an elevation from GPS data (Iliffe, 2000).  
Updates in 1999 and 2003 afforded the user an increased level of accuracy.  The estimated global 
doubt of the most current geoid, Geoid 2003, is 4.0 cm.   
Differential GPS (DGPS) is a system used to determine the difference between observed 
and known location.  A more sophisticated form of this technology uses a self-generating 
position for its own known location.  Carrier waves imbedded in the GPS signaling code are used 
to increase accuracy to surveying-grade levels.  Uses for this technology are varied, and include 
frost heave and thaw observations (Little et al., 2003), oil field ground subsidence measurements 
(Chrzanowski et al., 1991), and platform subsidence (Collins, 1986).  Recently, environmental 
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applications have become more accepted as both accuracy and precision of equipment are 
defined and increased (Hasegawa and Yoshimura, 2007).   
Located across the United States are a number of Continuously Operating Reference 
Stations (CORS).  The CORS system provides GPS carrier phase and code range measurements 
used for calculating accurate positional information.  Most of this data is provided through the 
National Geodetic Survey/National Oceanic and Atmospheric Administration (NGS/NOAA). 
Specifically, CORS in Louisiana, owned and operated as GULFnet by the Louisiana State 
University Center for Geoinformatics (LSUC4G), allows for calculation of subsidence rates.  
Benchmarks are anchored to large structures that subside with the coast.  Three-dimensional 
position is re-calculated daily in order to provide an accurate offset from the NAVD 1988 dataset 
(Mugnier, 2006).  This, over time, provides a moving benchmark that allows for extremely 
accurate elevation measurements in southern Louisiana.  
 Several different error sources affect GPS accuracy and precision.  Factors considered in 
this evaluation include ionospheric effects and signal multipath, site location and equipment 
setup, and consistency of observations.  Ionospheric error results from differences in atmospheric 
conditions along the signal path between the satellite and the receiver.  High Precision GPS uses 
information from at least two different dual-frequency receivers simultaneously in order to 
account for errors associated with ionospheric effects.  Signal multipath is an error resulting from 
the satellite signal arriving at the receiver through multiple paths due to reflection (Leick, 1995).  
This error is predictable if the geometric relationship between satellites, the receiver antenna, and 
its surroundings remains constant.  Therefore, if the receiver remains in place for a substantial 
amount of time, this error is dramatically reduced (Mugnier, 2006).  Consistency of setup for site 




 State-of-the-art high precision dual-frequency Real-Time-Kinematic (RTK) GPS 
surveying techniques were utilized in this study to determine elevation differences at a 
microtopographic level.  RTK GPS allows the user to gather data immediately, without 
processing at a home station.  Other advantages of RTK GPS include short station occupation 
times, and the ability to return to a previously stored site to within 1.0 cm accuracy.  Although 
data was processed after it was collected for this study, the ability to accurately return to 
previously surveyed stations invites future comparative subsidence studies.   
Extensive aerial and ground reconnaissance coupled with significant GIS-based map and 
point interpretation provided an accurate framework to successfully collect spatial data.  These 
tools ensured that data collected was both accurate and precise.  Although recent Light Detection 
and Ranging (LiDAR) imagery coverage for Louisiana’s coastal zone was available, its accuracy 
was deemed unsuitable for use in this particular study (Montane and Torres, 2006).  Surveying 
techniques utilized for similar projects provided the user with comparable accuracy ranges, but 
traditional differential leveling did not account for subsidence in the study site with respect to 
published vertical datums (Silvestri et al., 2005).  The absence of a nearby local benchmark also 
precluded the use of traditional systems typically used when conducting environmental research 
(Williams et al., 1999).   
 
Materials and Methods 
Study Site 
 An aerial reconnaissance of the proposed study site was conducted in September 2006.  
Mid-level reconnaissance from a de Havilland DCH-3 Otter seaplane was followed by low-level 
reconnaissance in a Bell 206B Jet Ranger III helicopter.  Substantial variation in plant species 
type was observed.  Significant land-water interface delineation between ridges was apparent 
(Figure 2-2).  Certain ridges also appeared more prominently than others.  This characterization 
was also noted on a recent aerial image of the study site.  Imagery gathered after Hurricane 
Katrina using an ADS40 digital airborne sensor with 1m Color-IR resolution indicated ridge 
prominence (USGS DOQQ, 2005).  Water access routes into the interior of the site were noted. 
 
Figure 2-2.  Aerial reconnaissance photograph of Caminada-Moreau maritime  
               beach ridges, showing horizontal extent and ridge/swale pattern.  
 
Based off of aerial reconnaissance observations, an initial ground reconnaissance was conducted 
in November of 2006.  Aforementioned aerial imagery of the study site area was imported into a 
GIS, printed, and used for navigational purposes.  Access onto the Wisner Foundation’s property 
was granted from the west through Bayou Moreau.  A pre-determined central location was 
accessed, and the location was verified with a Garmin GPSMAP 76CS handheld GPS receiver 




Figure 2-3.  Near-infrared imagery of beach ridge complex  
 
  Information collected from the aerial reconnaissance, ground reconnaissance, and aerial 
imagery led to the identification of nine distinct westward-trending beach ridges that extended 
throughout the length of the study site area.  These ridges were labeled in numerical order from 
north to south.  The eastern boundary of the study site was dictated by property boundary 
restrictions.  Total ridge length for the nine identified ridges was 41.9 km (Figure 2-5).  Ridges  
1, 2, and 3 were eliminated due to access rights constraints.   
 The remaining six ridges were utilized in this study.  Ridges were measured using 
ArcGIS software (ESRI, Redlands, CA).   Ridges 4 through 9 were assigned an eastern starting 
point using a random number generator.  Numbers between 0 and 100 were determined using the 
offset, in meters, from the easternmost boundary of the study site.  Total ridge length for the six 
ridges was 27.0 km, or 64.4% of the original ridge site length.  From the initial starting points, 
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subsequent points along the centerline of each ridge were established every 250 meters.  The 





Figure 2-4.  A portion of the study area showing ridges 5,6,7,  
and 8 with ArcGIS overlay of ridge lines and sampling points 
 
 After initial measurements, the study site area was divided into distinct northern and 
southern sectors.  The northern sector contained ridges 4, 5, and 6 while the southern sector 
contained ridges 7, 8, and 9.  Ridges in the northern sector maintained a general east/west 
orientation while ridges in the southern sector curved southwesterly from inception to terminus.  
In order to address the resultant spatial offset, two ridges from each sector were randomly 
selected using a random number generator.  Ridges 5, 6, 7, and 8 comprised the final randomly 
selected ridges used for analysis.  The total linear distance of the four ridges totaled 18.8 km, or 
70% of the accessible, identified ridges in the study site.  Individual points were labeled in 
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numerical order along each ridge from east to west, with the northernmost ridge labeled first, and 
every fourth point designated as a transect point.   
RIDGE LENGTH COMPARISON




















Figure 2-5.  Linear extent of all identified ridges within the study site 
  
 A total of 73 individual points were identified along the centerline of the four distinct 
maritime ridges.  Individual points were then paired with their spatial data.  A reference grid was 
placed over the study area and the map was enlarged to aid in point location (Figure 2-6).  
Field Sampling 
 Initial field sampling began in December of 2006.  Surveying instrumentation was 
divided into two stations.  The base station served as the reference point for spatial data gathered.  
It consisted of a fixed-height tripod, a Trimble GPS receiver with Zephyr® geodetic antenna, a 
Radio Frequency transmitter, and a standard three-legged surveying tripod with antenna.  The 
portable rover unit consisted of a fixed 2.10 meter carbon fiber rod with bipod attachment, a 
Trimble 5700 CORS receiver, a Trimble Ranger handheld controller, and a backpack-mounted 









Figure 2-7: GPS base station and rover (Trimble Inc.) 
 
 The base station was placed immediately to the south of Louisiana State Highway One at 
N 29˚10.013136΄, W 090˚18.305052΄, a central location that placed all measured points within 
an 8.1 km radius.  This allowed unrestricted data transfer between the base station and the rover.  
Initial location data from the base station was downloaded into a laptop computer and processed 
using NGS/NOAA on-line utilities and data from LSU C4G GULFnet stations to determine the 
base’s geodetic location. The stored information was sent to the NGS via the Online Processing 
User Services (OPUS) system.  This processing feature related data collected in the field to the 
GEOID 2003 for elevation information, with respect to NAVD88.    
 The geoid was updated and modified in November of 2006 after several benchmarks in 
Louisiana suffered hurricane-related damage.  The addition of these updated benchmarks 
coupled with increased density of sites allowed for a higher degree of accuracy on the flat 
Louisiana terrain when compared to worldwide standards (Mugnier, 2006).  Coordinate data was 
then referenced to the State Plane Coordinate System, with respect to the North American Datum 
of 1983 (NAD 83).  This coordinate system was used in anticipation of local use of the dataset 
on the state level.   
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A 90 cm structure anchor with a 5 cm diameter auger bit was embedded at the site and 
functioned as a temporary benchmark for the duration of the project.  This allowed for precise 
base station occupation and reoccupation over the course of several months without a negative 
effect on overall position accuracy.  Allowing a receiver to remain in the same geographic 
position enabled the user to establish the current NAVD 1988 elevation for the epoch in which 
the data is collected.  In effect, the base station position served as a Class “C” benchmark for the 
survey, subsiding with the coast.  Initially, one 12 volt marine battery was used to power both the 
receiver and the transmitter for the base station, but this only allowed for 4-6 hours of continuous 
system operation.  Consequently, a second battery was added, increasing operating time to 14 
hours.  Batteries were retrieved nightly and recharged prior to use. 
 Once the communications link between the rover and base station was verified, surveying 
data was collected at the predetermined ridge points.  Preprogrammed grids were entered into the 
handheld GPS receiver.  This was used as a navigation tool to locate sampling locations.  Upon 
arrival at the predetermined point, precise survey information was collected by holding the rover 
unit stationary for five seconds in its topographic mode while data was collected.  A thin 
plywood sheet was placed on the ground at each survey point.  This provided a stable platform 
for the carbon fiber rod, and increased consistency in the overall measurement process.  Upon 
arrival at a predetermined transect, a magnetic compass heading was taken parallel to the spine 
of the ridge with a Brunton 8040G mirrored map compass (Brunton Corp., Riverton, WY).  A 
transect line was established perpendicular to this heading, and transect points were generated to 
the north and south of the original survey site.  These points were placed within 2 m of the 
waterline on either side of the ridge, when feasible.  Spatial data was collected for the 73 




 The stored results of the OPUS model allowed assignment of accurate coordinates to the 
base station location. The RTK data processed in the field was precisely related to the base 
location. Those relationships were part of the stored data allowing all rover positions to be 
properly positioned relative to the corrected base location (Table 2-1).  Rover and base station 
setup were consistently executed in order to decrease random error possibilities.     
 Elevation profiles for each ridge were produced in order to view the geomorphologic 
pattern and assess similarities and differences.  Maximum, minimum, and mean elevation for 
each ridge was determined.  Elevation difference was calculated.  Elevation gradient along the 
spine of each ridge was determined using the following formula: 
 
Gradient (%) = (elevation difference / total length of ridge) *100 
 





)Transect length ( ) (2 21 2 1 2m x x y y= − + −   
      x1 = center transect point northing (m) 
      x2 = peripheral transect point northing (m) 
      y1 = center transect point easting (m) 
      y2 = peripheral transect point easting (m) 
 
Once transect length was determined, gradient was determined for each transect.  An average 
ridge width based off of transect length was also determined in order to determine a rough 
volume calculation for restoration purposes.
                                                          Table 2-1.  OPUS base station results from NGS printout
Didier Survey RMS (m) NAD_83(CORS96)(EPOCH:2002.0000)     Geoid03 NAVD88
OPUS solution N LAT P-P(m) 1 W LON P-P(m)  1 EL HGT(m) 2 P-P(m)  3 G03 O-HT(m) 4 P-P(m) 5
C4GF200701100000d.dat 0.009 29 10  0.78814 0.004 90  9 18.30318 0.005 -21.448 0.019 2.478 0.031
C4GF200701260000d.dat 0.009 29 10  0.78814 0.005 90  9 18.30314 0.004 -21.445 0.022 2.481 0.034
C4GF200701270000d.dat 0.014 29 10  0.78813 0.004 90  9 18.30307 0.001 -21.447 0.016 2.479 0.030
C4GF200702020000d.dat 0.009 29 10  0.78811 0.005 90  9 18.30310 0.005 -21.448 0.029 2.478 0.038
C4GF200702030000d.dat 0.010 29 10  0.78818 0.006 90  9 18.30310 0.006 -21.441 0.021 2.485 0.032
C4GF200702040000d.dat 0.010 29 10  0.78809 0.006 90  9 18.30318 0.005 -21.443 0.022 2.483 0.033
C4GF200702050000d.dat 0.009 29 10  0.78819 0.004 90  9 18.30310 0.006 -21.450 0.023 2.476 0.034
C4GF200702100000d.dat 0.009 29 10  0.78808 0.006 90  9 18.30303 0.005 -21.454 0.021 2.472 0.033
C4GF200702110000d.dat 0.010 29 10  0.78807 0.003 90  9 18.30303 0.004 -21.456 0.022 2.470 0.033
Didier Survey NAD_83(CORS96)(EPOCH:2002.0000)     Geoid03 NAVD88
Station ID N LAT Spread(") W LON Spread(") EL HGT(m) Spread(m) O HGT(m) Spread(m)
Use Below:
C4GF Base 0.010 29 10 0.78813 0.00012 90  9 18.3031 0.00015 -21.448 0.015 2.478 0.015
1 horizontal error (ppm) 2 ellipsoid height (m) 3 vertical error (ppm) 4 Geoid 2003 height 5 propagated error
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Results and Discussion 
 Preliminary attempts at survey data collection were unsuccessful.  The primary reason for 
these failures was the limited range of communication between the base station and the rover.  
Interference from trees in the eastern portion of the study site may have affected this range.  The 
backpack-mounted antenna was not utilized on initial collection runs.  Subsequent field tests 
showed maximum collection distances at the study site without the antenna at 2.1 km, and 
maximum distances with the backpack antenna at 6.0 km.  Utilization of the backpack-mounted 
antenna allowed for continuous coverage over the entire study site area from the base station 
(Figure 2-8).  
It is important to understand the author’s use of the terms “accuracy” and “precision”.  
The term “accuracy” indicates closeness-to-truth, or a measurement. The term “precision” 
indicates the quality of care or fineness of a measurement.  It is possible for a measurement to be 
precise without being accurate and vice-versa.  This study attempted to optimize precision 




Figure 2-8.  Rover with backpack antenna at survey site 3 
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The NGS uses several different means to obtain an estimate of error from their OPUS 
results.  One method is to calculate the three-dimensional Root Mean Squared Error (RMSE).  
This was obtained by taking the square root of the sum of the squared x, y, and z mean errors.  
RMSE for the nine recorded base station locations was 1.0 cm.  An analysis of base station 
locations over the nine setup events produces an error variance for each axis based on standard 
deviation (Table 2-2). 
     
                Table 2-2.  Positional error estimate for base station location 
base station site Northing (m) Easting (m) Elevation (m) 
1 3229825.091 776708.464 2.478 
2 3229825.091 776708.465 2.481 
3 3229825.091 776708.467 2.479 
4 3229825.090 776708.466 2.478 
5 3229825.092 776708.466 2.485 
6 3229825.089 776708.464 2.483 
7 3229825.092 776708.466 2.476 
8 3229825.089 776708.468 2.472 
9 3229825.089 776708.468 2.470 
Mean 3229825.09 776708.466 2.478 
variance 0.003 0.004 0.015 
standard deviation 0.00124 0.00150 0.00485 
 
This error estimate calculated the standard deviation for base station setup with respect to 
vertical and horizontal position.  Horizontal position for the base station (UTM) is Northing 
3229825.09, Easting 776708.466 ± 1.9 mm, with respect to NAD83.  Vertical base station 
position is +2.478 m ± 4.8 mm, with respect to North American Vertical Datum 1988 
(NAVD88). 
Ridge 5 was the northernmost ridge surveyed in the data set (Figure 2-9).  Its highest 
elevation was 76.4 cm at survey point 1.  Its lowest elevation was 17.7 cm at survey point 13.  
Mean elevation for the 20 surveyed ridge points was 30.5 cm.  Elevation gradient between point 
1 and point 20 was 56.7 cm, or .012% over the 4.75 km distance.  




































Figure 2-9.  Ridge 5 elevation profile, from east to west 
 
Transects were taken at survey points 5,9,13, and 17.  Elevation changes and gradients 
are listed below (Table 2-3).  Mean elevation change for all transects along ridge 5 is 3.75 cm.  
Mean gradient was 0.13%.  This represents a ratio of 11:1 for ridge width gradient versus ridge 
length gradient.  Highest gradient along the ridge was 0.33%; lowest gradient along the ridge 
was -0.067%.   
 
Table 2-3.  Ridge 5 transect elevation change and gradient data   
Transect elevation change (m) Gradient (%) 
Core 5T - Core 5TN 0.109 0.33 
Core 5T - Core 5TS 0.104 0.30 
Core 9T - Core 9TN 0.011 0.04 
Core 9T - Core 9TS 0.017 0.05 
Core 13T - Core 13TN -0.017 -0.07 
Core 13T - Core 13TS 0.034 0.10 
Core 17T - Core 17TN 0.029 0.10 
Core 17T - Core 17TS 0.052 0.21 
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Ridge 6 was the longest ridge surveyed in the ridge set (Figure 2-10).  Its highest 
elevation was 80.5 cm at survey point 24.  Its lowest elevation was 23.7 cm at survey point 40.  
Mean elevation for the 22 surveyed ridge points was 36.8 cm.  Elevation gradient between point 
21 and point 42 was 26.7 cm, or 0.0051% over the 5.25 km distance.  Elevation gradient between 
the highest point along the ridge and the terminus was 56.8 cm, or 0.013% over the 4.25 km 
distance. 
Transects were taken at survey points 25, 29, 33, 37, and 41.  Elevation changes and 
gradients are listed below (Table 2-4).  Mean elevation change for all transects along ridge 6 was 
15.4 cm.  Mean gradient was 0.51%.  This represents a ratio of 100:1 for ridge width gradient 
versus length gradient. When ridge length gradient for point 24 to the ridge terminus is used, a 
ratio of 38:1 is established.  Highest gradient was 1.21%; lowest gradient was -0.11%. 
 






































Figure 2-10.  Ridge 6 elevation profile, from east to west   
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Table 2-4.  Ridge 6 transect elevation change and gradient data 
Transect elevation change (m) Gradient (%) 
Core 25T - Core 25TN -0.037 -0.11 
Core 25T - Core 25TS -0.029 -0.07 
Core 29T - Core 29TN 0.273 1.17 
Core 29T - Core 29TS 0.229 0.91 
Core 33T - Core 33TN 0.118 0.32 
Core 33T - Core 33TS 0.067 0.24 
Core 37T - Core 37TN 0.216 0.49 
Core 37T - Core 37TS 0.244 0.37 
Core 41T - Core 41TN 0.239 0.55 
Core 41T - Core 41TS 0.218 1.21 
 
Ridge 7 was the shortest ridge measured in the set (Figure 2-11).  Its highest elevation 
was 74.0 cm at survey point 43.  Its lowest elevation was 14.6 cm at survey point 51.  Its 
terminus elevation was 20.6 cm at survey point 57.  Mean elevation for the 15 surveyed ridge 
points was 34.3 cm.  Elevation gradient between point 43 and point 57 was 53.4 cm, or 0.015% 
over the 3.50 km distance. 
 





































Transects were taken along ridge 7 at survey points 47, 51, and 55.  Elevation changes 
and gradients are listed below (Table 2-5).  Mean elevation change for all transects along ridge 7 
was 9.4 cm.  Mean gradient was 0.11%.  This represents a ratio of 7:1 for ridge width gradient 
versus length gradient.  Highest gradient was 0.19%; lowest gradient was 0%.   
              Table 2-5.  Ridge 7 transect elevation change and gradient data 
Transect Elevation change (m) gradient (%) 
Core 47T - Core 47TN 0.097 0.11 
Core 47T - Core 47TS 0.195 0.19 
Core 51T - Core 51TN 0.000 0.00 
Core 51T - Core 51TS 0.082 0.09 
Core 55T - Core 55TN 0.085 0.07 
Core 55T - Core 55TS 0.105 0.17 
 
 
Ridge 8 was the southernmost ridge surveyed in the ridge set (Figure 2-12).  Its highest 
elevation was 49.6 cm at survey point 69.  Its lowest elevation was 18.9 cm at survey point 73.  
Mean elevation for the 16 surveyed ridge points was 33.9 cm.  Elevation gradient between point 
58 and point 73 was 11.8 cm, or 0.0031 % over the 3.75 km distance.  Elevation gradient 
between point 63 and the terminus was 30.6 cm, or 0.015 % over the 2.00 km distance. 
Transects were taken at survey points 62, 66, and 70.  Elevation changes and gradients 
are listed below (Table 2-6).  Mean elevation change for all transects along ridge 8 was 29.2 cm.  
Mean gradient was 0.80%.  This represents a ratio of 259:1 for ridge width gradient versus length 
gradient.  When ridge length gradient for point 63 to the ridge terminus is used, a ratio of 53:1 is 
established.  Highest gradient was 0.98%; lowest gradient was 0.51%.   
Profiles of individual ridges portray an irregular elevation change, with generally higher 
measurements in the east and generally lower measurements in the west.  Localized elevation 
changes between points may be attributed to naturally-occurring washouts typically seen in 
active beach ridges along Holocene barrier islands (Tanner, 1995).  Estimating the exact center 
location of the spine of a ridge was difficult and may also attribute to observed elevation 
differences.  With the exception of ridge 8, a general decreasing elevation trend was observed. 
































Figure 2-12.  Ridge 8 elevation profile, from east to west 
 
               Table 2-6.  Ridge 8 transect elevation change and gradient data 
Transect Elevation change (m) gradient (%) 
Core 62T - Core 62TN 0.363 0.95 
Core 62T - Core 62TS 0.301 0.85 
Core 66T - Core 66TN 0.269 0.95 
Core 66T - Core 66TS 0.250 0.59 
Core 70T - Core 70TN 0.373 0.98 
Core 70T - Core 70TS 0.195 0.51 
 
 Transect profiles portrayed decreasing elevation trends between ridge spine 
measurements and peripheral observations.  Only two transects contained a negative elevation 
component.  Mean elevation change between all ridge spine and peripheral measurements was 
14.0 cm.  When viewed from east to west, elevation change along comparable transects was 
relatively constant (figure 2-13).  There is also a significant relationship between mean 
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elevations of ridge sets.   Mean elevation for all surveyed ridges was 33.9 cm, with a range of 6.3 



















                   Figure 2-13.  Mean transect elevation change from east to west 
 
 Mean ridge length gradient is 0.014 %.  Mean ridge width gradient is 0.39 %.  This 
represents a ratio of 28:1 for width versus length gradient.  This data, however, is of less value 
because of the irregularities in length elevation profile.  Of greater importance is the average 
width of ridges with respect to transect lengths.  Figure 2-14 provides this data, which is useful 
in volume estimates for future restoration projects.  This data suggests uniform width 
measurements for all ridges with the exception of ridge 7.  This difference was anticipated and 




































Figure 2-15.  Mean ridge widths, by ridge 
Conclusions 
Precision of survey elevation data collected allows vegetation and soil composition 
changes to be viewed with high spatial resolution along the Caminada-Moreau ridge system.  
The accuracy of horizontal and vertical parameters affords the opportunity to determine 
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subsidence rates along the ridges over time, when given a temporal resolution of five years or 
greater.   
 Because of its accuracy, mitigation of error propagation, and field expedient nature, 
applying high precision RTK GPS technology in a microtopographic setting is highly 
recommended.  Results from NGS data analysis produced a 3-D RMSE of 1.0 cm for base 
station position; analysis of variance produced a horizontal base station position accuracy of ± 
1.9 mm with respect to NAD 83, and a vertical base station position accuracy of ± 4.8 mm with 
respect to NAVD 88.  Studies along subsiding coastlines may benefit greatly from high precision 
GPS and the CORS system.  Utilizing remotely-sensed imagery and GIS applications enables the 
field scientist to properly plan and execute data collection in challenging terrain environments. 
 These observations and recordings indicated more similarities than differences exist in 
ridge geomorphology (Figure 2-16).  Because of profile differences, it may not be appropriate to 






























and deterioration.  Further analysis of soil composition and vegetation characteristics may 
strengthen this relationship.   
 General geomorphologic trends along the Caminada-Moreau beach ridge complex were 
discussed after data analysis.  Ridges averaged between 30.5 cm and 36.3 cm in elevation and 
between 4.19 km and 5.45 km in length.  Average ridge widths varied between 60 m and 170 m.  
There was a general decrease in elevation from east to west, with a more pronounced slope in the 
eastern portion of the ridge sets.  Profile and slope, respectively, vary along the spine of the ridge 
sets.  Ridges 5 and 7 most closely represented the anticipated profile, while ridge 8 was the most 
irregular.  Mean elevation change along longitudinally similar transects was between 12.0 cm 

























 Soil composition in the coastal zone is influenced by a variety of factors.  Climate, 
biology, time, topography, and parent material are a few of the deterministic forces that affect 
soil characteristics (Schwartz, 2005).  Past studies compared soil composition change to 
elevation change along beach ridges (McFadden et al, 1992), (Anthony, 1985) and found strong 
positive and negative correlations.  
This study placed importance on those possible positive and negative correlations 
between measurable soil characteristics and the vegetation present.  Therefore, 30 cm deep 
samples were taken in order to analyze soil present in the vegetation’s root zone (Figure 3-1). 
  
 
       Figure 3-1.  Windthrown Quercus virginiana with shallow root zone 
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In order to accurately assess the composition and characteristics of soil found in the root 
zone, analyses were conducted to determine bulk density, soil salinity, pH, LOI, total C content, 
total N content, and total P content.  Recent studies investigated coastal plants and their response 
to changes in soil organic content (Willis and Hester, 2004).  This factor showed a correlation 
between species type and dominance (Figure 3-2).   
Salinity is also an important deterministic factor (Wetzel et al, 2004).  Because of an 
increased hydroperiod, soil salinity increases with a corresponding decrease in elevation.  This 
salinity gradient can result in a marked vegetation response (Williams et al., 1999).  Recent 
experiments showed a corresponding decrease in soil water salinity above Mean High Water 
(MHW) Level due in part to a shorter hydroperiod (Silvestri et al., 2005). 
 
 





Bulk density and soil pH are also important in characterizing soil type and predicting 
vegetative response.  Bulk density is often used to assess the compatibility of other soil sources 
for restoration efforts (Acker et al, 2004).  Bulk density is also used as a determinant of 
inorganic material content (Turner et al, 2006).  Soil pH is commonly analyzed when 
determining general soil characteristics (Ogburn and Alber, 2006), environmental stress  
(Tripathi et al., 2006), species diversity, and species richness (Isermann, 2005).  It is considered 
a master variable that affects almost all soil properties (Brady and Weil, 1999).  Total N is also 
often linked to salt marsh productivity (Valiela and Teal, 1979).   
  These characteristics represent a wide range of variables in which to determine soil 
composition.  Statistical analysis of variables in the Caminada-Moreau beach ridge complex may 
present the restorative scientist with baseline data to consider when determining sediment 
options for a project. 
 
Materials and Methods 
 
Study Site 
 The study site consisted of all surveyed ridge points and transects along the four 
randomly selected ridges.  Once surveyed, sites were marked with five foot sections of Polyvinyl 
Chloride (PVC) pipe and labeled with their corresponding site number every 250 m.  Soil cores 
were taken at each of these site markers and transect marker points at every 1000 m along and 
across the ridge structures.    
Field Sampling  
 Field sampling began in December 2006.  At each station, a 30 cm sample was collected 
by push core using an aluminum sampler with an inner diameter of 74 mm.  Once the core was 
removed from the soil, a wooden plunger was inserted in the bottom end of the tube.  The sample 
was measured and deposited into a one gallon plastic bag marked with the corresponding survey 
site number, and returned to the lab for analyses.  If the sample length was greater than 30 cm, 
the sample was cut at the 30 cm length (Figure 3-3).  If the measured sample length was less than 
30 cm, the length of the sample was annotated on the collection bag and noted in the field 
notebook.  Due to compaction and/or rodding, the length of 26 samples was less than 30 cm, but 
the length of collected samples was always 25 cm or greater.  Mean length of samples collected 
was 29.4 cm. 
 
Figure 3-3.  30cm length determination at survey site 56 using aluminum sampler. 
 Stations were labeled in numerical order by ridge from east to west.  In addition to soil 
cores collected along the spine of the ridges, samples were also taken along transects 





with the easternmost point of the northern ridge.  In order to determine variability, these replicate 
samples were taken within two meters of the survey site location, in a triangular pattern, with the 
top of the triangle facing north.  An additional core sample taken at these locations was 
subdivided into 0-15 cm and 15-30 cm sections to determine variability of soil characteristics 
with respect to depth.  The locations of these triplicate and sectioned samples correspond directly 
to transects along the ridges.  All transects consisted of three points; a northern point within 2 m 
of the water’s edge, a central point along the spine of the ridge, and a southern point within 2 m 
of the water’s edge.  Triplicate samples were taken in a predictable pattern, first at the center 
point of a transect, then at the northern point of the following transect, then at the center point of 
the next transect, and finally at the southern point of the next transect.  In this manner, two center 
point triplicate samples, one northern sample, and one southern sample were collected every 
8000 m.  The pattern was repeated throughout the sampling process for a total of 7 triplicates 
comprising 6.8 % of all stations (Figure 3-4). After collection, sealed samples were evacuated to 
an ice chest.  The samples remained cooled and were transported to a refrigeration unit where 
they were stored at 4.0 degrees C until they were prepared for analysis (Harford Duracool, 
Aberdeen, MD).   
Laboratory Analysis 
 Physiochemical determination of the soil samples consisted of the following:  bulk 
density, relative saturation (percent moisture), salinity, pH, LOI (proxy for organic matter), total 
C, total N, and total P.  Sample processing began with identification and preparation.  Sample 
bags were initially weighed on a PG 403-5 balance with an accuracy of +/-0.002 g (Mettler 
Toledo Laboratory, Greifensee, Switzerland) to determine the total weight of each section.  Bag 
weight was subtracted from the overall weight of the sample.  Once weighed, samples were 
homogenized by manual mixing and placed in 2000 ml hardened opaque polyethylene containers 
(Fischer Scientific, Hampton, NH).  All root masses and live vegetation were removed. 
 
Figure 3-4.  Soil sampling protocol.  Diamonds represent ridge spine collection points,   
        cylinders represent transect points, and globes indicate triplicate points. 
 
Subsamples were weighed and dried at 70ºC until they achieved a constant weight.  Relative 
saturation was determined using the following formulas (McKee et al., 2006):   
Total moisture = sample wet weight (g) / sample dry weight (g) 
Relative saturation (%) = total moisture / sample weight (g) 
 Bulk density was then determined with known sampling core volumes (1290 cm3 and 





Bulk density (g/cm3) = mass of dry soil / total soil volume 
Soil conductivity was measured to determine salinity for all samples.  Field moist subsamples 
were weighed, mixed with 40 ml DDI water, and allowed to settle for one hour (Silvestri et al., 
2005).  Based on the expectation of a high salt concentration within most samples, conductivity 
was measured using an Accumet® AB30 conductivity meter, with an accuracy of +/- 0.5% of the 
reading of the meter (Fisher Scientific, Hampton, NH).  A Traceable® Conductivity Calibration 
Standard of 9.97 mS/cm, with an accuracy of ± 0.25 microsiemens (µS), was used to calibrate 
the conductivity meter (Fisher Scientific, Hampton, NH).  A 4-cell, 10.0x probe with built-in 
temperature sensor was the primary measurement device.  The sensitivity range of this probe was 
rated between 1 mS/cm and 200 mS/cm.  When a sample measured below this sensitivity range, 
the 4-cell, 1.0x probe with built-in temperature sensor was utilized.  The sensitivity range of this 
probe was rated between 0.1 mS/cm and 20 mS/cm.  The probe was recalibrated using a 9:1 
dilution ratio with DDI water and the Traceable® Conductivity Calibration Standard.  Soil 
salinity was then calculated using the following equations: 
H2O in sample = sample weight (g) * relative moisture (%) 
Total H2O = H2O in sample + DI H2O added (ml) 
Dilution ratio = (total H2O / H2O in sample) + 1 
Salinity = (measured conductivity * dilution ratio) * 0.67 
Soil pH was measured from the same samples used in conductivity measurements.  An 
Accumet® AR 25 Dual Channel pH/Ion Meter and an AccuTup® H+ 2-half cell probe, with an 
accuracy of ±0.05 pH units, was used (Fisher Scientific, Hampton, NH).  Buffer solutions of  
pH 4.0 and pH 7.0 were used to calibrate the probe, with an accuracy of ± 0.01 pH units at 25oC 
(VWR International, West Chester, PA).   
Dried soil subsamples were ground with a mortar and pestle and transferred to labeled  
80 ml hardened polyethylene sample containers (Fisher Scientific, Hartford, NH).  These 
subsamples were then analyzed for total C content, total N content, LOI, and total P content.  
Total C and total N samples were placed in 5 mm x 9 mm pressed tin capsules (Costech 
Analytical Technologies, Valencia, CA)  and weighed on a Sartorius CP2P Microbalance, with a 
readability of 1µg (Sartorius, Goettingen, Germany).  Samples weighed between 8.0 mg and 8.5 
mg.  An atropine (C17H23NO3) standard weighing 0.1 mg (Costech Analytical Technologies) and 
ETDA standards (99.999% pure) (Alpha Resources, Inc., Stevensville, MI) were also weighed in 
the same manner.  All samples were placed in an acrylic sample tray and stored in a vacuum 
dessicator at -0.8 BAR (Labonco Corp., Kansas City, MO) until analysis. Samples were then 
analyzed using a TCTN Analyzer/Elemental Combustion System (Costech Instruments).             
Soils were then analyzed to determine LOI and total Phosphorus.  0.500 g of dried and 
ground soil was weighed and placed in a 40 ml KIMAX® beaker (Kimble/Kontes, Vineland, 
New Jersey).  Blanks and peach leaves served as standard reference material (U.S. Dept. of 
Commerce, N.I.S.T., Gaithersburg, MD) and were included at an interval of 20 samples.  
Samples were placed in a Barnstead/Thermoline 62700 muffle furnace at 550ºC for 4 hours 
(Barnstead International, Boston, MA).  After cooling to 70ºC, samples were placed in a glass 
dessicator until room temperature was reached.  Postburn weight was then measured.  Soil ash 
content and reciprocal loss on ignition were calculated using the following equations: 
Ash (%) = (postburn weight (g) / preburn weight (g)) *100 
Loss On Ignition = 100 – Ash (%) 
 To digest the samples for total Phosphorus analysis, 20 ml of 6.0 M HCl was added to the 
ashed sample and heated on a hot plate at 100-120ºC until dry.  Samples were then heated for an 
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additional 30 minutes at high temperature.  2.0 ml DDI water and 2.25 ml of 6.0 M HCl was 
added and the mixture was heated on a hot plate to near boiling.  The entire sample was then 
filtered through a 110 mm Whatman® 41 circle filter (Whatman International, Ltd., Maidstone, 
England) into a 50 ml Pyrex® volumetric flask.  Once filtered, the digestate was transferred to a 
20 ml HDPE scintillation vial.  The supernatent was analyzed for P using an automatic ascorbic 
acid method (Method 365.4; USEPA, 1993).  Total phosphorus was then calculated using the 
following formula: 
Total P (mg/kg) = P (mg/L)*50 (mL) / soil weight (g) 
 
Analysis 
 Data was statistically analyzed using Statistical Analysis Software (SAS®) Version 9.1.3 
(SAS Institute Inc., Cary, North Carolina).  Variables were compared to elevation data and to all 
other soil variables to determine positive and negative correlations.  Soil characteristic values 
were plotted against elevation to assess this relationship, and for each soil characteristic a model-
building procedure was performed to determine the most appropriate model to use for evaluation.  
As part of the model-building process, a model with both linear and quadratic terms was fit to the 
data in order to accommodate any potential curvature in the relationship between the soil 
characteristic and elevation.  If the quadratic term was significant (p<0.05), then it was used to fit 
the data.  If the quadratic term was not significant, the linear term was used.   
In order to account for potential correlation between observations along the same ridge, a 
spatial power correlation structure was used.  This allowed observations along a ridge to be 
correlated; the level of correlation decreased with distance between observations.  The model 
also assumed that observations on different ridges were independent with respect to each other.  
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If the spatial power correlation term was significant (p<0.05), then it was used in the evaluation.  
If the spatial correlation term was not significant, a regular regression that assumed 
independence of observations was used. 
The resulting model was used to obtain 95% confidence intervals, and prediction 
intervals were given for each of the variables with respect to elevation.  If the spatial power 
correlation term was significant and a mixed-model regression analysis was used, prediction 
intervals were not available due to software limitations.  In addition, 95% confidence interval 
estimates of model parameters were obtained. 
 
Results and Discussion 
Mean, maximum, and minimum statistics for all soil variables are presented below in Table 3-1. 
 
Table 3-1.  Simple statistics for soil variables 
Soil Variable Maximum Minimum Mean Std. deviation 
Moisture (%) 81.7 22.8 47.6 17.8 
Bulk Density (g/cm3) 1.31 0.17 0.77 0.36 
pH (units) 7.70 4.40 6.00 0.62 
Salinity (ppt) 45.4 1.00 23.4 8.43 
LOI (%) 39.9 2.17 10.4 8.76 
Total N (g/kg) 10.8 0.48 2.82 2.51 
Total C (g/kg) 167.2 6.22 43.1 40.9 
Total P (mg/kg) 968.9 181.6 433.2 155.6 
 
 All soil variables were analyzed statistically to determine positive and negative 
correlations (Table 3-2).  With respect to elevation and moisture content, all soil characteristics 
were statistically significantly correlated (p<0.0001).  Bulk density was statistically significantly 
correlated with all variables with p<0.05 level.  LOI and Total N were statistically significantly 
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correlated (p<0.05), with the exception of salinity.  Total C was statistically significantly 
correlated with all other variables (p<0.0001) with the exception of pH and salinity. 
 
Table 3-2.  Correlation and P-values between all soil characteristic variables 
  Elevation Moisture Bulk D. pH Salinity LOI Total N Total C
Moist.  -0.74        
P-value <0.0001        
Bul D. 0.68 -0.97       
P-value <0.0001 <0.0001       
pH  0.50 -0.44 0.46      
P-value <0.0001 <0.0001 <0.0001      
Salinity -0.55 0.27 -0.22 -0.32     
P-value <0.0001 0.0063 0.026 0.0008     
LOI  -0.60 0.92 -0.87 -0.24 0.13    
P-value <0.0001 <0.0001 <0.0001 0.0137 0.20    
Total N -0.57 0.90 -0.85 -0.21 0.11 0.99   
P-value <0.0001 <0.0001 <0.0001 0.0323 0.25 <0.0001   
Total C  -0.56 0.90 -0.85 -0.19 0.11 0.98 0.99  
P-value <0.0001 <0.0001 <0.0001 0.0577 0.27 <0.0001 <0.0001  
Total P  -0.38 0.71 -0.68 -0.13 -0.03 0.79 0.79 0.77 
P-value <0.0001 <0.0001 <0.0001 0.20 0.75 <0.0001 <0.0001 <0.0001
 
Moisture 
 A negative correlation between percent moisture and elevation was anticipated along the 
ridge due to increased drainage characteristics of sandy soils and increased topographic change.  
Maximum percent moisture recorded for the study site was 81.7%.  Minimum value recorded 
was 22.8%.  Mean value for all 103 recorded observations was 47.6%.   
Results from the models showed that the spatial power correlation was not significant 
(p=0.98).  Because of this, a regular regression analysis was performed.  Linear and quadratic 





chosen for the model.  The equation of the quadratic fitted model without spatial power 
correlation term is: 
 
Moisture (%) = 94.29693 – 2.18653*elevation + 0.01651*elevation2 
 
 A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 3-5.  
In addition, the figure gives 95% confidence limits and and 95% prediction limits for the average 
moisture content across the entire range of values observed.  These limits are intended for use in 
restorative planning and management. 
The point estimate of the coefficient of the quadratic term is 0.017.  The positive value of 
this term is reflected in the fitted curve’s upward concavity.  The 95% confidence interval 
estimate of the quadratic term is (0.011, 0.023).  The point estimate for the linear term is  
-2.19, and a 95% confidence interval estimate for the linear term is (-2.69, -1.68).  The point 
estimate of the intercept is 94.3, and 95% confidence limits are (85.5, 100.0).   
The correlation between observed and fitted percent moisture values is 0.80, indicating a 
good fit to the data.  The coefficient of determination is the square of this value, giving 
R2=0.638, which indicates that 64 % of the observed variation in moisture content is explained 
by elevation.  The residual variance is estimated at 114.5, and the estimated residual standard 
deviation is 10.7.  Residuals from the model were analyzed to check for violations of model 
assumptions.  A formal test for normality of the residuals was rejected, and a histogram of the 
residuals indicated a slight left skewness, but these deviations from normality do not appear to be 




Figure 3-5.  Regular regression model of percent moisture against elevation 
Bulk Density 
As total organic content of the soil decreases with elevation, a corresponding decrease in 
bulk density was anticipated (Turner et al., 2006).  Maximum bulk density was 1.36 g/cm3 at an 
elevation of 41.5 cm.  Minimum bulk density was 0.17 g/cm3 at an elevation of  
9.2 cm.  Mean bulk density was 0.78 g/cm3.  Model results indicated that the spatial power 
correlation was not significant (p=0.99).  The regular regression analysis was used, and both 
linear and quadratic terms were highly significant (p<0.0001).  This value determined using the 
quadratic term for the model.  The equation of the quadratic fitted model without spatial power 
correlation term is: 
Bulk Density = - 0.14007 + 0.04372*elevation + 0.00035*elevation2 
 
A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 3-6.  
In addition, the figure gives 95% confidence limits and prediction limits for the average moisture 







The point estimate of the coefficient of the quadratic term is -0.00035.  The negative 
value of this term is reflected in the fitted curve’s downward concavity.  The 95% confidence 
interval estimate of the quadratic term is (-0.00049,-0.00021).  The point estimate for the linear 
term is 0.044.  The positive value of the term is reflected in the increasing trend of bulk density 
with an increase in elevation.  The 95% confidence interval estimate for the linear term is  
(0.033, 0.055).  The point estimate of the intercept is 0.14, a 95% confidence limits are  











Figure 3-6.  Regular regression model of bulk density against elevation 
     
The correlation between observed and fitted percent moisture values is 0.76, indicating a 
good fit to the data.  The square of this value gives the coefficient of variation, R2 = 0.570, which 
indicates that 57% of the observed variation in moisture content is explained by elevation.  The 
residual variance is estimated at 0.054, and the estimated residual standard deviation is 0.23.  





test for normality of the residuals was not rejected (p=0.25), and a histogram of the residuals 
indicated only slight right skewness; therefore, no violations of model assumptions are apparent. 
pH 
A positive correlation between elevation and pH was anticipated (Ogburn and Alber, 
2006).  Maximum pH value was 7.7 at an elevation of 74.0 cm.  Minimum pH value was 4.5 at 
an elevation of 21.4 cm.  Mean pH for all 103 observations is 6.0.  Model results indicated that 
the spatial power correlation was highly significant (p=<0.0001).  The mixed model regression 
analysis was used, and the quadratic term was not significant (p=0.66), so it was removed and 
the model refit.  The linear term in the refitted model was highly significant (p<0.0001), and the 
linear fitted model with spatial power correlation term is: 
pH = 5.3760 + 0.02143*elevation 
A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 3-7.  
In addition, the figure gives 95% confidence limits for the average pH value across the range of 
elevation values observed. 
The point estimate of the slope coefficient is 0.021.  This is otherwise stated as for every 
10.0 cm increase in elevation, there is an increase in the pH value of 0.21.  The 95% confidence 
interval estimate of the linear equation (0.014, 0.029) states we are 95% confident that for every 
10.0 cm increase in elevation along or across a ridge, a corresponding average increase in pH 
value of between 0.14 and 0.29 is predicted.  95% confidence limits for the intercept, 5.38, are 
(5.13, 5.63).   
The correlation between observed and fitted pH values is 0.52, indicating a decent fit to 
the data.  The square of this value is 0.271, giving an R2 value that indicates 27% of the observed 
variation in pH is explained by elevation.  The residual variance of the mixed-model regression 
is estimated at 0.27, and the estimated residual standard deviation is 0.52.  Residuals from the 
model were analyzed to check for violations of model assumptions.  A formal test for normality 
of the residuals was rejected, but based on a histogram of the residuals the deviation from 





Figure 3-7.  Mixed-model straight line regression of pH against elevation 
Salinity 
With increased elevation, decreased hydroperiod dictates that soil contact with saline 
water is decreased (Silvestri et al., 2005).  This negative correlation between elevation and 
salinity was anticipated prior to viewing the results of the modeled data.  Maximum salinity 
concentration was 45.4 ppt at an elevation of 39.7 cm.  Minimum salinity concentration was 1.0 
ppt at an elevation of 76.4 cm.  Mean salinity was 23.6 ppt.  Model results indicated that the 
spatial power correlation was not significant (p=0.99).  The regular regression analysis was used, 
and the quadratic term was significant (p<0.05).  The equation for the quadratic regression model 
without spatial power correlation is: 
 
Salinity = 28.3475 – 0.2519*elevation – 0.00412*elevation2 
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A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 3-8.  
In addition, the figure gives 95% confidence limits and prediction limits for the average soil 
salinity concentration across the range of elevation values observed. 
The point estimate of the coefficient of the quadratic term is -0.0041.  The negative value 
of this term is reflected in the downward concavity of the model.  The 95% confidence interval 
estimate is (-0.0082, -0.000043).   The point estimate for the linear term is -0.025.  The negative 
value of the term is reflected in the decreasing trend of salinity with an increase in elevation.  
The 95% confidence interval estimate for the linear term is (-0.34, 0.29).  The point estimate of 









Figure 3-8.  Regular regression model of salinity against elevation 
The correlation between observed and fitted soil salinity values is 0.57, indicating a 
relatively good fit to the data.  The coefficient of variation is 0.330, giving an R2 value that 
indicates 33% of the observed variation in salinity is explained by elevation.  The residual 
variance is estimated at 45.9, and the estimated residual standard deviation is 6.78.  Residuals 
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from the model were analyzed to check for violations of model assumptions.  A formal test for 
normality of the residuals was rejected, but based on a histogram of the residuals the deviation 
from normality does not appear to be sufficient enough to invalidate the model. 
Loss on Ignition (LOI) 
As the total organic content of soil decreases with an increase in elevation, there is less 
organic matter present, creating an anticipated decrease in LOI.  Maximum loss on ignition was 
40.0 % at an elevation of 12.2 cm.  Minimum loss on ignition was 2.17 % at an elevation of 39.7 
cm.  Mean loss on ignition was 10.4 %.  Model results indicated that the spatial power 
correlation was not significant (p=0.98).  The regular regression analysis was used, and both 
linear and quadratic terms were highly significant (p<0.0001).  The equation of the quadratic 
fitted model without spatial power correlation term was used, and it is represented 
mathematically by: 
loss on ignition (%) = 34.0235 -1.8884*elevation + 0.0108*elevation2 
A scatter plot of the data points, along with a plot of the fitted line, is given in  
Figure 3-9.  In addition, the figure gives 95% confidence limits and prediction limits for the 
average moisture content across the range of elevation values observed. 
The point estimate of the slope coefficient is 0.01.  The positive value of this term is 
reflected in the fitted curve’s positive orientation.  The 95% confidence interval estimate of the 
quadratic equation is (-0.0071, 0.014).  The point estimate for the linear term is -1.89.  The 
negative value of the term is reflected in the decreasing trend of percent loss on ignition with a 
corresponding increase in elevation.  The 95% confidence interval estimate for the linear term is 
(-1.48, -0.90).  We are 95% confident that an averaged elevation increase of 10.0 cm would 
result in a corresponding salinity decrease of between 9.0% and 14.8%.  Confidence limits for 
the intercept, 34.0, are (29.0, 39.1).   We are 95% confident that the average LOI at sea level is 











Figure 3-9.  Regular regression model of loss on ignition against elevation 
The correlation between observed and fitted percent LOI values is 0.72, indicating a good 
fit to the data.  The R2 value of 0.520 indicates that 52% of the observed variation in loss on 
ignition is explained by elevation.  The residual variance is estimated at 37.5, and the estimated 
residual standard deviation is 6.13.  Residuals from the model were analyzed to check for 
violations of model assumptions.  A formal test for normality of the residuals was rejected, but a 
histogram of the residuals indicated a normal distribution; therefore, no violations of model 




Maximum total soil nitrogen content was 10.8 g/kg at an elevation of 6.4 cm.  Minimum 
nitrogen content was 0.49 g/kg at an elevation of 41.5 cm.  Mean nitrogen content was 2.80 g/kg. 
Model results indicated that the spatial power correlation was not significant (p=0.99).  The 
regular regression analysis was used, and both linear and quadratic terms were highly significant 
(p<0.0001).  The equation of the quadratic fitted model without spatial power correlation term 
was used, and it is represented mathematically by: 
Total N = 9.5535 - 0.3461*elevation + 0.0032*elevation2 
A scatter plot of the data points, along with a plot of the fitted line, is given in  
Figure 3-10.  In addition, the figure gives 95% confidence limits and prediction limits for the 









Figure 3-10.  Regular regression model of total N against elevation 
The point estimate of the slope coefficient was 0.0032.  The positive value of this term is 
reflected in the fitted curve’s upward concavity.  The 95% confidence interval estimate of the 
quadratic equation is (0.0022, 0043).  The point estimate for the linear term is -0.0032.  The 
negative value of the term is reflected in the decreasing trend of total N with a corresponding 
increase in elevation.  The 95% confidence interval estimate for the linear term is (-0.43, -0.26).  
We are 95% confident that an averaged elevation increase of 10.0 cm would result in a 
corresponding soil nitrogen decrease of between 2.6 g/kg and 4.3 g/kg.  Confidence limits for the 





The correlation between observed and fitted total soil nitrogen is 0.71, indicating a good 
fit to the data.  The R2 value is 0.504, indicating that 50% of the observed variation in total 
nitrogen is explained by elevation.  The residual variance is estimated at 3.16, and the estimated 
residual standard deviation is 1.78.  Residuals from the model were analyzed to check for 
violations of model assumptions.  A formal test for normality of the residuals was rejected, but a 
normal distribution of the residuals indicated that there were no violations of the model. 
Total Carbon 
Maximum total soil carbon content was 167.2 g/kg at an elevation of 6.4 cm.  Minimum 
total carbon content was 7.15 g/kg at an elevation of 41.5 cm.  Mean total carbon content was 
42.8 g/kg. Model results indicated that the spatial power correlation was not significant (p=0.98).  
The regular regression analysis was used, and both linear and quadratic terms were highly 
significant (p<0.0001).  The equation of the quadratic fitted model without spatial power 
correlation term was used, and it is represented mathematically by: 
Total C = 151.2582 - 5.5754*elevation + 0.0524*elevation2 
A scatter plot of the data points, along with a plot of the fitted line, is given in  
Figure 3-11.  In addition, the figure gives 95% confidence limits and prediction limits for the 
average moisture content across the range of elevation values observed. 
The point estimate of the slope coefficient is 0.05.  The positive value of this term is 
reflected in the fitted curve’s upward concavity.  The 95% confidence interval estimate of the 
quadratic equation is (0.04, 0.07).  The point estimate for the linear term is -5.58.  The negative 
value of the term is reflected in the decreasing trend of total carbon with a corresponding 
increase in elevation.  The 95% confidence interval estimate for the linear term is (-6.95, -4.20).  
We are 95% confident that an averaged elevation increase of 10.0 cm would result in a 
corresponding total soil carbon decrease of between 4.2 g/kg and 7.0 g/kg.  Confidence limits for 









Figure 3-11.  Linear regression model of total C against elevation 
The correlation between observed and fitted total carbon is 0.70, indicating a good fit to 
the data.  The R2 value is 0.491 indicating that 49% of the observed variation in total carbon is 
explained by elevation.  The residual variance is estimated at 856.5, and the estimated residual 
standard deviation is 29.3.  Residuals from the model were analyzed to check for violations of 
model assumptions.  A formal test for normality of the residuals was rejected, but a histogram of 
the residuals indicated a normal distribution, indicating that no violation of model assumptions 
were apparent. 
Total Phosphorus 
 `Maximum total soil P content was 968.9 mg/kg at an elevation of 6.4 cm.  Minimum 
total phosphorus content was 181.6 mg/kg at an elevation of 35.5 cm.  Mean total phosphorus 
content was 432.0 mg/kg. Model results indicated that the spatial power correlation was not 
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significant (p=.0.96).  The regular regression analysis was used, and both linear (p<0.0001) and 
quadratic (p=0.0047) terms were highly significant.  The equation of the quadratic fitted model 
without spatial power correlation term was used, and it is represented mathematically by: 
Total P = 696.4090 -13.3406*elevation + 0.1211*elevation2 
A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 3-








Figure 3-12.  Regular regression model of total P against elevation 
The point estimate of the slope coefficient is 0.12.  The positive value of this term is 
reflected in the fitted curve’s upward concavity.  The 95% confidence interval estimate of the 
quadratic equation is (0.04, 0.20).  The point estimate for the linear term is -13.3.  The negative 
value of the term is reflected in the decreasing trend of total phosphorus with a corresponding 
increase in elevation.  The 95% confidence interval estimate for the linear term is  
(-19.8, -6.84).  We are 95% confident that an averaged elevation increase of 10.0 cm would 
result in a corresponding total soil phosphorus decrease of between 68.3 mg/kg and 198.5 mg/kg.  





The correlation between observed and fitted total phosphorus data is 0.46, indicating an 
acceptable fit to the data.  The square of this value, the R2 is 0.211, indicating that 21% of the 
observed variation in total carbon is explained by elevation.  The residual variance is estimated at 
19,100, and the estimated residual standard deviation is 138.2.  Residuals from the model were 
analyzed to check for violations of model assumptions.  A formal test for normality of the 
residuals was rejected, but based on a histogram of the residuals the slight right skewness does 
not appear to be sufficient enough to invalidate the model. 
 From the modeled results of soil variables versus elevation, the following correlation 
matrix was developed (Table 3-3): 
 
Table 3-3.  Soil variables correlation matrix with respect to elevation 
soil variable  correlation P-value 
Moisture -0.80 <0.0001 
Bulk Density 0.76 <0.0001 
pH 0.52 <0.0001 
Salinity  -0.57 <0.0001 
LOI  -0.72 <0.0001 
Total N  -0.71 <0.0001 
Total C -0.71 <0.0001 
Total P -0.46 <0.01 
 
This table confirms strong positive and negative correlations between elevation and all soil 
variables, with the exception of total P.  Next, a table containing model type and R2 values was 
provided (Table 3-4).  This table also showed relatively high R2 values for variables.  With the 
exception of pH, the most appropriate fitted model for all other variables was the quadratic term 
without spatial power correlation.  Only pH showed a significant correlation with the spatial 
power term, meaning that all other variables were less affected by distance.   
 
Table 3-4.  Soil variables model type and R2 value 
 soil variable model used R2 value 
Moisture Quadratic without spatial power correlation 0.638 
Bulk Density Quadratic without spatial power correlation 0.570 
pH Linear with spatial power correlation 0.271 
Salinity  Quadratic without spatial power correlation 0.330 
LOI  Quadratic without spatial power correlation 0.520 
Total N  Quadratic without spatial power correlation 0.504 
Total C Quadratic without spatial power correlation 0.491 
Total P Quadratic without spatial power correlation 0.211 
 
Data from regression analysis of all soil variables versus elevation was used to produce 
the coefficient of variation (C.V.).  This was determined by using the following formula: 
C.V. = (Root MSE/dependent mean)*100% 
This analysis allows us to determine the most reliable soil variable data based on the lowest 
relative variance.  A graph of all variables and their respective coefficients of variation is 
presented below (Figure 3-13). 
Coefficients of Variables

















This graph suggests relatively low variation for all samples taken.  Total C, total N, and LOI 
have the most variability, and pH has the least variability.  Finally, variation in triplicate samples 
was examined for all soil variables.  Coefficients of variability were factored at all seven 
triplicate site locations and presented in Table 3-5 in ascending elevation order. 
Table 3-5.  Triplicate Coefficient of Variability data 
Field ID elevation Moisture bulk density pH salinity LOI total N total C total P 
37TS 15.3 1.5 5.5 2.9 13.8 8.5 17.4 21.3 11.0 
55TN 18.5 1.4 4.1 2.4 36.8 7.2 2.2 4.1 3.0 
17TN 20.1 3.1 15.9 3.0 24.1 14.7 18.0 16.8 6.5 
9T 22.6 10.2 12.3 2.5 1.0 29.1 21.1 19.5 17.1 
47T 31.9 6.8 5.9 2.7 7.5 9.0 11.6 3.9 8.8 
66T 37.2 1.7 4.0 1.6 24.4 14.1 17.8 7.0 2.3 
29T 41.5 10.4 4.1 2.0 39.0 30.1 46.4 46.2 8.3 
 
Generally, variability for triplicate site locations was low.  Upland variability was noticeably 
higher than lowland variability, suggesting the need for greater sampling of variability in these 
areas.  Salinity generated the greatest variability of the soil composition variables, and pH was 
the least variable.  The generally low coefficient numbers indicate limited differences in 
variability at one site, and the need for additional triplicate cores for future studies of the site 
may not be necessary.    
Conclusions 
 Elevation maintained a strong positive or negative correlation with all measured soil 
characteristics along the Caminada-Moreau maritime beach ridge system, with the exception of 
pH, which maintained a moderate positive correlation.  Because of the microtopographic scale of 
the complex, small variations in elevation often dramatically affected salinity level, bulk density, 
moisture content, LOI, pH, total C, total N, and total P levels present in soils.  All soil 
characteristics were statistically significantly correlated (P <0.01) to elevation.  Similarly,  
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R2 values ranged from 0.211 to 0.638, indicating that elevation is responsible for between 21% 
and 64% of variability in soil composition variables. 
   Soil characteristics are important for controls over vegetation, and consequently, 
ecosystem structure.  The relationship between soils, elevation, and plant distribution will be 
discussed in Chapter 5 with respect to the restoration of the subsiding Caminada-Moreau 
maritime beach ridge complex. 
 Statistical modeling allows for trends to be established between elevation and soil 
characteristics.  This provides the restorative scientist a baseline formula to use for predictive  
soil composition numbers along elevations not previously surveyed.  It presents a range of 
acceptable readings within the framework of the data collected.  These readings may be used to 





















Elevation is a dominant deterministic factor for vegetative composition, species richness, 
and species dominance (Naniwadekar and Vasudevan, 2007).  Vegetation change that occurs 
along an elevation gradient is often substantial and easily identifiable (Del Moral, 2007).  Strong 
positive and negative correlations are found between elevation and species richness, species 
density, soil composition, loss on ignition, salinity, hydroperiod, and pH (Gould et al., 2006),  
(Silvestri et al., 2005).    
 Maritime beach ridges offer an opportunity to observe and study this relationship 
between elevation and vegetation.  These relict depositional features exhibit elevation gradients 
that are closely interspaced in a relatively small geographic area (Schwartz, 2005).  Because a 
small change in elevation along the coastline usually correlates with a large change in other 
variables, a dramatic vegetative response is predicted along that gradient (Wetzel et al., 2004).   
The Caminada-Moreau beach ridge complex allows for the study of this interaction.  A 
similar pattern is represented by southwest Louisiana’s Chenier ridge system (Neyland and 
Meyer, 1997).  Woody vegetation, including Quercus virginiana and Ilex decidua, creates a 
closed-canopy ecosystem along the spines of these ridges in the Chenier system.  Rapid 
vegetation change accompanies elevation change.  Aerial reconnaissance of eastern portions of 
the study area indicates a similar structure and pattern may exist when compared to the Chenier 
ridges (Figure 4-1).  
Due to decreasing elevation (with respect to NAVD88) as a result of subsidence, 
ecological change is also evident along the beach ridge complex.  This decrease in elevation and 
a resultant increase in soil salinity and soil waterlogging increases stress to the forest vegetation 
(Kirwan et al., 2007).  The change can relegate a species or ecosystem to relict, or non-
regenerating, status.  Eventually, the complete elimination of a species within an ecotype may 
occur, followed by replacement of more salt-tolerant and/or flood tolerant, halophytic plants 
(Williams et al., 1999). 
 
 
Figure 4-1.  Low oblique aerial photograph of ridge 6.  Tree and shrub-dominated  
            ecosystem (east, lower right) dissipates over distance (west, upper left) 
 
Because of its impact on vegetation, elevation was considered the most important 
characteristic to correlate with vegetation species variables for this study.  In addition, present 
subsidence rates encourage further understanding of the significance of elevation change in order 
to successfully implement restoration projects.  The Caminada-Moreau complex, with its closely 
stacked, low gradient ridge system, facilitates the study of elevation’s impact on vegetative 
change because changes are viewed between ridge sets in close proximity to one another.   
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Materials and Methods 
 Vegetation classification was conducted systematically at all surveyed and soil sampled 
locations.  A 100 m2 rectangular area (5 m x 20 m) was established around each point, with the 
surveyed point positioned as the center of the rectangle (Mueller-Dombois and Ellenberg, 1974).  
Distance was measured with a 100 m tape measure (Keson Industries, Aurora, Illinois).   
 Vegetation was classified first using a 1.9 cm diameter PVC quadrat with an area of 1 m2 
(Mueller-Dombois and Ellenberg, 1974).  A representative subplot within the 100 m2 sample 
area was selected to conduct herbaceous cover estimates.  Species were then identified using the 
Field Guide to Coastal Wetland Plants of the Southeastern United States and recorded (Tiner, 
1993), (Figure 4-2).  After initial identification, cover class and height for each species was then 
determined (Table 4-1).   
 
   





Clonal species did not allow individual stem counts (Figure 4-3).  Live and standing dead cover 
measurements were taken when applicable.  The diameter at base (DAB) method for each tree in 
the plot was recorded in an estimate of basal area.  This was accomplished using a 5 m diameter 
tape (Forestry Suppliers, Inc., Jackson, MS).  DAB was recorded instead of diameter breast 
height (DBH) to include basal flaring and buttressing common among wetland trees (Mueller-
Dombois and Ellenberg, 1974).  Cover values were calculated by using the midpoint of the 
species’ recorded cover class.  For Spartina alterniflora and Phragmites australis, both live and 
standing dead height and cover class measurements were recorded, but only live height was used 
for calculating cover values.  
Table 4-1.  Cover class scale 
Cover Class Range Midpoints 
- 0 0.0 
0 0.1-1 0.5 
1 1-5 3.0 
2 5-25 15.0 
3 25-50 37.5 
4 50-75 62.5 
5 75-95 85.0 
6 95-100 97.5 
 
 Average height of each species was also measured and recorded. Live and standing dead 
height measurements were taken for species with both live and dead components in a given plot.  
Herbaceous vegetation heights were taken using a Type 600 2 m folding ruler (Stabila, Inc., 
South Elgin, IL).  Shrub height was determined using an 8 m locking tape measure (Stanley 
Tools, New Britain, CT).  Tree height was calculated by using a PM-5 Clinometer (Suunto 
Corp., Vantaa, Finland).  Height of the observer from the ground to the instrument was added to 
tree height.  Measurements were taken at a distance of 20.1 m from individual trees (Figure 4-4).   
Basal cover per plot was calculated for Quercus virginiana using the following equation: 
Cover = Σ basal area (m2) / total observed plot area (m2) 
 
Figure 4-3.  Clonal Lycium carolinianum growth pattern at survey site 30. 
 
Figure 4-4.  Determining Quercus virginiana 
                              height at survey site 24 with clinometer 





Relative height was then determined using the following equation: 
Relative height = (height of plant (cm) / height of tallest plant in study site (cm)) *100 
The tallest tree in the study site measured 14.7 m.  If multiple Quercus virginiana trunks were 
present, the mean tree height for the plot was used in relative height calculations.  Dead heights 
for Spartina alterniflora and Phragmites australis were used in dominance and relative 
dominance calculations.  The height of the standing dead vegetation for these two species was a 
good estimate of their expected maximum height of a growing season.  Once relative height and 
cover were calculated, dominance of each identified species present was determined using the 
following equation: 
Dominance (D) = cover * relative height 
Dominance values for all species were then used to determine relative dominance with the 
following equation: 
Rel. dominance (species A) = D of species A / Σ (D of all species present per plot) 
Species richness was determined by the total number of identified species in each plot. 
Analysis 
 Data were analyzed using SAS Version 9.1.3 (SAS Institute Inc., Cary, NC) to determine 
relationships between vegetation and elevation.  Species richness was evaluated over the entire 
elevation gradient.  Five elevation categories, determined using the sample quintiles, served to 
adequately divide the data (Table 4-2).  
Table 4-2.  Elevation categories for relative dominance  
Elevation Category Frequency Range 
1 21 2.3 cm – 18.5 cm 
2 21 18.5 cm – 23.7 cm 
3 20 23.7 cm – 30.7 cm 
4 21 30.7 cm – 39.4 cm 




Species relevance was determined, within each elevation category and overall.  A species was 
considered relevant within a given elevation category if it was present at a frequency of  at 
least thirty percent of the sampled locations within that elevation category.  Overall 
relevance for this study was defined as any species that was relevant in at least one elevation 
category.  All relevant species were analyzed for dominance and relative dominance trends.  
Dominance was then used to compare relevant species in each elevation category.  This variable 
expressed differences in plant dominance with respect to elevation. 
 
Results and Discussion 
There were 25 different species identified along the Caminada-Moreau maritime beach 
ridge complex.  They are listed below in alphabetical order. 
Aeschynomene sp. Ilex vomitoria Rumex sp. 
Avicennia germinans Iva frutescens Salicornia virginica 
Bacharris halimifolia Juncus roemerianus Unidentified Sedge 
Batis maritima Lycium carolinianum Spartina alterniflora 
Blutaparon vermiculare Matelea sp. Spartina cynosuroides 
Borrichia frutescens Mentha sp. Spartina patens 
Brunnichia ovata Myrica cerifera Symphiotrichum tenuifolius 
Calystegia sepium Phragmites australis  
Distichlis spicata Quercus virginiana  
 
Maximum species richness of a given plot in the study site was eight species.  Minimum 
species richness was one species.  The mean for all observations was 3.9 species (Table 4-3).     
A positive correlation between elevation and species richness was expected and observed  
(Del Moral, 2007).  Species richness values were plotted against elevation to visually assess the 
relationship between species richness and elevation, and a model-building procedure was 
performed to determine a model that adequately described this relationship.  In order to account 
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for potential correlation between observations on the same ridge, a linear mixed model with 
spatial power correlation structure was fit to the data.    
Table 4-3.  Frequency distribution for species richness data 
Species Richness Frequency Relative frequency (%) 
1 11 10.7 
2 10 9.71 
3 19 18.5 
4 29 28.2 
5 18 17.5 
6 5 4.85 
7 8 7.77 
8 3 2.91 
 
This model allowed observations on the same ridge to be correlated, with the level of correlation 
decreasing as the distance between observations increased.  In addition, this model assumed that 
observations on different ridges are independent.  As part of the model-building process, a model 
with both linear and quadratic terms was first fit to the data in order to accommodate any 
potential curvature in the relationship between the variables.  The quadratic term was not 
significant (p=0.08), so it was removed and the model with only a linear term was fit to the data.  
The linear term was highly significant (p<0.0001), so the model with only a linear fixed effect of 
elevation was chosen.  From this model the significance of the spatial power correlation term 
was evaluated, which was found to be highly significant (p<0.0001).  The equation of the fitted 
model is given by: 
Species richness = 1.2814 + 0.09068 elevation 
 
A scatter plot of the data points, along with a plot of the fitted line, is given in Figure 4-5.  In 
addition, the figure gives 95% confidence limits for the average species richness across the range 











Figure 4-5.  Species richness along all ridges with respect to elevation 
The point estimate of the slope coefficient was 0.091, which indicates a 0.91 increase in species 
richness for every 10.0 cm increase in elevation.  The 95% confidence interval estimate of the 
slope is given by (0.072, 0.11).  For every 10.0 cm increase in elevation, we are 95% confident 
that the average increase in species richness is between 0.72 and 1.1.  The correlation between 
observed and fitted species richness values was 0.72, indicating a fairly good fit to the data.  The 
R2 value, 0.516, gives a value that indicates that 51.6% of the observed variation in species 
richness was explained by elevation in this dataset.  The residual variance is estimated to be 1.54, 
and the estimated residual standard deviation is 1.24.  The estimate of the spatial power 
correlation parameter is 0.89.  Residuals from the model were analyzed to check for violations of 
model assumptions.  A histogram of the residuals did not indicate violations of the normality 
assumption.  Furthermore, a formal test for normality of the residuals was not rejected (p=0.15).   
Both dominance and relative dominance were graphed against the five elevation 
categories, and similar trends were noted.  The dominance graph also showed increased plant 
volume in the highest elevation category, and was therefore used to represent vegetation change.  
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Relevant species data was then used to produce a graph intended as a guideline for restoration 
protocol (Figure 4-6).   
 
Figure 4-6.  Vegetation dominance with respect to elevation 
 The graph showed several trends and species observations.  The number of relevant 
species increased with elevation from three species in the lowest elevation category to seven 





the first two categories; shrubs were only present in the three highest elevation categories.  
Quercus virginiana was only relevant in the highest elevation category.  Shrub dominance 
increased 1280% from category 3 to category 5.  Herbaceous dominance decreased 130% from 
category 1 to category 5. 
 Relative dominance data had similar trends (Table 4-4).  The relative dominance of 
herbaceous relevant species decreased from 100% in category 1 to 43% in category 5.  Shrub 
relative dominance increased from 11% in category 3 to 47% in category 5.  All of these trends 
were expected based on differential species tolerance to flooding and salinity.  This verified 
expected change in species dominance characteristics along an elevation gradient in the 
Caminada-Moreau beach ridge complex.   
 
Table 4-4.  Relevant species relative dominance, in percent, by elevation category 
  Category 1 Category 2 Category 3 Category 4 Category 5 
Batis maritima -- -- -- 6.4 -- 
Borrichia frutescens -- -- 9.7 9.3 7.4 
Distichlis spicata 10.6 20.4 52.2 42.3 16.2 
Ilex vomitoria -- -- -- -- 11.5 
Iva frutescens -- -- -- 8.7 15.4 
Juncus roemerianus -- 11.1 11.3 -- -- 
Lycium carolinianum -- -- -- -- 9.3 
Quercus virginiana -- -- -- -- 8.0 
Salicornia virginica 2.7 5.1 2.9 2.7 -- 
Spartina alterniflora 79.9 57.2 7.1 -- -- 
Spartina patens -- -- 6.7 13.1 16.7 
 
 The difference between total dominance in the first four elevation categories compared to 
the fifth category suggested a large change in biomass volume with respect to marsh elevation.  
Total dominance, by elevation category, increased 113% from the mean dominance of the first 
four categories to the fifth category.  Increased species richness and multiple layers of cover 
were the likely cause of this difference in dominance.   
 The relevance delineator represents the majority of species found in each elevation 
category.  Figure 4-7 shows that non-relevant species were a small proportion of the total species 














Figure 4-7.  Percentage of Non-Relevant Species, by elevation category 
Eleven different plant species were classified as relevant using the aforementioned 
delineator of at least a thirty percent frequency in a given elevation category.  Data and 
information about these individual species with respect to dominance, relative dominance, and 
elevation are discussed below.  
Spartina alterniflora is the dominant salt-marsh grass in the Southeast United States  
(Brown, 1979).  It is commonly found at low elevations with long hydroperiods, growing where 
less salt-tolerant plants cannot.  It was identified in 49 of the 103 study plots, a frequency of 
48%.  Maximum relative dominance was 100% at seven locations ranging in elevation from 2.3 





study.  Within the construct of relevant vegetation elevation categories, Spartina alterniflora 
held its maximum dominance rating in category 1.  Dominance decreased 31% from category 1 
to category 2, barely registered in category 3, and held no relevance in categories 4 and 5.  This 
species is clearly abundant, important, and significant in the lower elevations of the study site.  
Distichlis spicata is common in irregularly flooded salt marshes in southern Louisiana.  
Its range in the United States extends from New Brunswick to the Texas coast.  It is also found 
along the Pacific coastline (Tiner, 1993).  It was the only species represented in all five elevation 
categories.  Its dominance pattern resembled a normal distribution curve.  Mean relative 
dominance was 27.7%, second only to Spartina alterniflora for relevant species.  It was 
identified in 74 of 103 study sites, a frequency of 71%.  This was the highest frequency for 
species identified in the study area.  Maximum relative dominance was 96% at a height of 16.5 
cm.  This species is clearly significant across all elevation categories and should be considered 
an important species for a vegetation restoration effort in the study area. 
Spartina patens is a halophytic herbaceous grass found in salt marshes throughout the 
southeastern United States.  It has developed adaptations similar to Spartina alterniflora that 
allow it to survive in a saline environment (Brown, 1979).  Stem height ranges from 30 cm to 1 
m.  Spartina patens was relevant in the highest three elevation categories, increasing in 
dominance by 360% between elevation categories 3 and 5.  Mean relative dominance was 7.8%.  
This species was identified in 42 of 103 sites, a frequency of 40%.  Maximum dominance value 
was at an elevation of 74.0 cm.  Maximum relative dominance was 61% at 74.0 cm.  Relevance 
in three elevation categories indicates that Spartina patens is a significant herbaceous species in 
the study site area.   
Juncus roemerianus range extends from Delaware to southern Texas.  It is most often 
found in the upper elevation sections of salt marsh habitat, growing up to 2 m in height (Tiner, 
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1993).  It was relevant in elevation categories 2 and 3 with similar dominance values in both 
categories.  Mean relative dominance was 2.1%.  Maximum relative dominance value was 80% 
at an elevation of 17.7 cm.  Juncus roemerianus was identified at 20 of the 103 sites for a 
frequency of 19%.  Significance of this species is less than the three previous herbaceous 
species, but its relevance in two elevation categories is noteworthy.   
Batis maritima commonly inhabits irregularly flooded salt marshes.  This species grows 
to 1 m in height but is more commonly found growing to heights of 40 cm or less.  Its range 
extends from South Carolina to Texas as well as southern California (Tiner, 1993).  This species 
was only relevant in elevation category 4.  Mean relative dominance value was 2.0%.  Batis 
maritima occurred at a frequency of 24.5%, identified at 25 of 103 sites.  Maximum relative 
dominance was 30% at 31.9 cm.   
Salicornia virginica is found in salt marshes at heights of 20 cm to 1 m.  Its range is from 
South Carolina to southern Texas (Tiner, 1993).  This species was relevant in elevation 
categories 1 through 4, but in small numbers throughout that range.  Mean relative dominance 
was 3.4%.  Maximum relative dominance was 51% at 50.4 cm.  This species was identified at 38 
of 103 sites, a frequency of 36.9%.   
Lycium carolinianum is found throughout the coastal zone from South Carolina to Texas, 
and grows to 3 m in height.  Habitat includes irregularly flooded salt marshes and shell beaches 
(Tiner, 1993).  It was only relevant in the top elevation category.  Mean relative dominance was 
2.1%.  Maximum relative dominance was 32% at 43.5 cm.  This species was identified at 17 of 
the 103 study sites, a frequency of 16.5%. 
Ilex vomitoria inhabits upper salt marsh and well-drained forests from southern Virgina 
to Texas.  It grows to 8.5 m and is commonly known as Yaupon (Tiner, 1993).  Ilex vomitoria 
was only relevant in the highest elevation category.  Mean relative dominance was 2.8%.  This 
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species was identified at 11 of the 103 locations, a frequency of 11%.  Maximum relative 
dominance was 61% at an elevation of 29.7 cm.  The maximum dominance value of Ilex 
vomitoria was the highest single value for any species at a sampling station.  
Iva frutescens is commonly referred to as Marsh Elder.  Ranging from the coastal zones 
of Nova Scotia to southern Texas, it is typically found in irregularly flooded salt marshes.  It 
ranges in height from 1.5 m to 3.7 m (Tiner, 1993).  This species was relevant in the top two 
elevation categories, with a dominance increase of 330% between category 4 and category 5.  
Mean relative dominance was 5.0%.  Maximum dominance for Iva frutescens occurred at  
80.5 cm, the highest elevation plot in the study site.  Maximum relative dominance was 62% at 
an elevation of 39.3 cm.  This species was found at 23 of the 103 study site locations, a 
frequency of 22%. 
Borrichia frutescens is a member of the Aster family.  Common habitat includes 
irregularly flooded salt marshes.  Its range extends from Virginia to southern Texas (Tiner, 
1993).  This species was present in the three highest elevation categories.  Average dominance 
values were generally low and consistent.  Mean relative dominance was 5.3%.  This species was 
identified at 43 of the 103 sites, a frequency of 42%.  Maximum dominance value was at  
41.5 cm, and maximum relative dominance was 43% at 41.5 cm.  Because of a relatively high 
frequency and its relevance in three of five elevation categories, Borrichia frutescens is an 
important shrub within the vegetative ecosystem of the ridge structure.  
Quercus virginiana, commonly known as Live Oak, ranges from southern Virginia to 
Texas.  The evergreen grows to over 20 m in height, and is found along the edge of brackish 
marshes, in maritime forests, and in well-drained upland areas (Tiner, 1993).  This species was 
only relevant in the highest elevation category.  Mean relative dominance was 1.7%.  Maximum  
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relative dominance was 42% at an elevation of 45.2 cm.  Quercus virginiana was identified at 15 
of the 103 sampling station, a frequency of 15%. 
 To further rank key species within the relevant species set with respect to importance, an 
evenly weighted table was generated with respect to three variables:  frequency, average mean 
dominance, and average relative dominance.  Relevant species were ranked from 1 to 10 in each 
category, with the lowest number representing the greatest importance for that particular 
variable.  Categories were then added for each species, and an overall rank was assigned based 
on the three variables (Table 4-5).  Data may represent a skewed bias toward species found in 
lower elevations because of a greater proportion of total sampling at those elevations.  Clearly, 
the importance chart shows the relative importance of Spartina alterniflora and Distichlis spicata 
within the ridge ecosystem. 
 
Table 4-5.  Relevant Species Importance Ranking 
Relevant Species Mean Dom. Mean Rel. Dominance (%) Frequency (%) overall rank 
Spartina alterniflora 1 1 2 1 
Distichlis spicata 2 2 1 2 
Spartina patens 5 3 4 3 
Borrichia frutescens 8 5 3 4 
Iva frutescens 4 6 7 4 
Juncus roemerianus 6 4 8 6 
Ilex vomitoria 3 8 11 7 
Salicornia virginica 10 7 5 7 
Batis maritima 11 10 6 9 
Lycium carolinianum 9 9 9 10 
Quercus virginiana 7 11 10 11 
 
 Fourteen species were considered non-relevant according to the relevance criteria.  
They are listed in Table 4-6 in alphabetical order. Of note in the non-relevant species list is the 
invasive grass Phragmites australis, with a mean relative dominance of 1.2% and a maximum 
relative dominance of 62%.  Spartina cynosuriodes also had a peak relative dominance value of 
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62%.  Avicennia germinans, or black mangrove, maintained the highest mean relative dominance 
of 3.1%, with a maximum relative dominance value of 32%. 
Table 4-6.  Non-relevant species with mean and maximum relative dominance numbers 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom.
Aeschynomene sp. 0.02 1.05 
Avicennia germinans 3.13 31.7 
Bacharris halimifolia 0.26 24.8 
Blutaparon vermiculare 0.27 9.43 
Brunnichia ovata 0.01 0.24 
Calystegia sepium 0.02 1.47 
Matelea sp. 0.01 1.07 
Mentha sp. 0.00 0.15 
Myrica cerifera 0.10 9.94 
Phragmites australis 1.24 61.6 
Rumex sp. 0.01 0.19 
Unidentified Sedge 0.07 3.36 
Spartina cynosuroides 0.55 40.2 
Symphiotrichum tenuifolius 0.09 6.17 
 
 Species that were non-relevant, by elevation category, were analyzed for mean relative 
dominance.  These values are represented in tables 4-7 through 4-11. 
 
Table 4-7.  Non-relevant species relative dominance data for elevation category 1 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom. 
Batis maritima 0.22 4.70 
Borrichia frutescens 0.11 2.37 
Juncus roemerianus 3.78 79.5 
Lycium carolinianum 2.10 44.1 
Spartina patens 0.48 7.29 
 
Noteworthy data from Table 4-7 included a mean relative dominance of 3.8% for Juncus 
roemerianus, with its maximum relative dominance of 79%.  For Table 4-8, Spartina patens was 
present with a mean relative dominance of 4%.  Borrichia frutescens was represented in this 
category with a mean relative dominance of 1.3%.  In elevation category 3 (Table 4-9), shrubs 
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Ilex vomitoria and Iva frutescens were first identified, as well as the first observations of 
Quercus virginiana. 
   
Table 4-8.  Non-relevant species relative dominance data for elevation category 2 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom. 
Avicennia germinans 0.10 2.10 
Batis maritime 0.06 1.27 
Borrichia frutescens 1.34 11.2 
Iva frutescens 0.20 4.26 
Lycium carolinianum 0.59 12.4 
Unidentified Sedge 0.02 0.48 
Spartina patens 4.01 33.0 
 
Table 4-9.  Non-relevant species relative dominance data for elevation category 3 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom. 
Avicennia germinans 0.18 2.46 
Blutaparon vermiculare 0.32 4.89 
Ilex vomitoria 3.06 61.2 
Iva frutescens 1.53 18.3 
Lycium carolinianum 1.21 19.1 
Quercus virginiana 0.76 15.1 
Symphotrichium tenuifolius 0.44 6.17 
 
Elevation category 4 was the first without relevant Spartina alterniflora.  The abundant 
grass still recorded a mean relative dominance of 6.4% and a maximum relative dominance of 
93%.  Juncus roemerianus was also present, with a mean relative dominance value of 5.7%.  The 
invasive grass Phragmites australis, with a mean relative dominance of 2.9%, was first identified 
in this category (Table 4-10).  The increase in mean relative dominance for Phragmites australis 
from 2.9% in category 4 to 3.8% in category 5 is noteworthy (Table 4-11).  Also, Spartina 
cynosuroides held a mean relative dominance of 3.4% with a maximum relative dominance value 
of 46%.   
82 
 
Table 4-10.  Non-relevant species relative dominance data for elevation category 4 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom. 
Avicennia germinans 1.51 31.7 
Baccharis halimifolia 0.01 0.17 
Blutaparon vermiculare 0.05 0.95 
Ilex vomitoria 0.01 0.19 
Juncus roemerianus 5.72 66.4 
Lycium carolinianum 0.54 4.94 
Matelea sp. 0.05 1.08 
Phragmites australis 2.94 38.7 
Quercus virginiana 0.20 3.19 
Unidentified Sedge 0.16 3.36 
Spartina alterniflora 6.39 92.7 
 
 
Table 4-11.  Non-relevant species relative dominance data for elevation category 5 
Non-Relevant Species Mean Rel. Dom. Maximum Rel. Dom. 
Aeschynomene sp. 0.12 1.37 
Avicennia germinans 0.05 1.05 
Baccharis halimifolia 1.31 24.9 
Batis maritima 1.01 9.31 
Blutaparon vermiculare 1.02 9.43 
Brunnichia ovata 0.02 0.24 
Calystegia sepium 0.10 1.48 
Juncus roemerianus 0.18 3.69 
Mentha sp. 0.01 0.15 
Myrica sp. 0.50 9.94 
Phragmites australis 3.82 70.4 
Rumex sp. 0.01 0.19 
Salicornia virginica 3.72 50.6 
Unidentified Sedge 0.19 3.27 
Spartina alterniflora 0.09 1.22 
Spartina cynosuroides 3.42 45.8 
  
This data suggests an increase in total relevant species identified with respect to 
elevation.  Previously mentioned species richness data would invite speculation that this trend is 
expected.  The following graph (Figure 4-8) expresses this relationship between different species 
identified and elevation categories.  There was a clear increase in species diversity with respect 
to elevation.  Data increases from eight species in the lowest elevation category to twenty-three 
species (out of 25 possible species identified) in the highest elevation category, a frequency of 
92%. 
 

















    Figure 4-8.  Comparison of total species identified, by elevation category 
 
Finally, a correlation matrix was calculated in order to quantify relationships between soil 
characteristics and relevant species.  There was a statistically significant (p<0.0001), positive 
correlation between Spartina alterniflora, all organic soil variables (total N: 0.71, total C: 0.73, 
total P: 0.45), and percent moisture (0.76).  Spartina alterniflora also maintains a strong negative 
correlation (p<0.0001) with elevation (-0.64) and with bulk density (-0.71).  The positive 




Table 4-12.  Correlation matrix between soil variables and relevant plant species 
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Species richness and species type varied with respect to elevation along the Caminada-
Moreau beach ridge complex.  Relevant species provide restoration specialists with pertinent 
information for revegetation efforts.  These relationships may be used as guidelines for 
determining which species to plant at specific elevations.  This information may also be useful in 
salt marshes throughout the northern Gulf of Mexico for planting matching regimes with 
elevation patterns. 
 Predictive species dominance trends coupled with predictive soil characteristic data and 
additional data from other beach ridge systems may allow the creation of planting protocol for 
higher elevations.  This can aid in the planning of future restoration projects in areas where 
elevation will be greater than current observations in order to account for anticipated subsidence. 
 Limitations to this study include seasonal variability, changes in salinity due to tides and 
rainfall, and skewed data due to a greater proportion of study sites falling in the lower ranges of 
the elevation gradient.  Further study possibilities include a more detailed analysis of soil 
characteristic and plant species correlations as well as comparison of data to Chenier systems.  
An additional suggestion is to execute experimental restoration utilizing the guidelines outlined 
in this study.  
 The vegetative response observed in the Caminada-Moreau beach ridge complex 
provides a detailed picture of the effects of elevation on plant species in a salt marsh.  These data 
serve as a record of current vegetation, and provide scientists and engineers with a framework for 





SUMMARY, RESTORATION RECOMMENDATIONS, AND CONCLUSIONS  
 
Summary 
 Field study and laboratory analysis were conducted to characterize a maritime beach 
ridge complex in the Caminada-Moreau headlands.  Objectives were stated in Chapter 1, and 
subsequent analysis and results were presented in Chapters 2-4.  Summaries of these chapters are 
presented below. 
Objectives 
1) Determine precise elevation information and ridge morphology of selected maritime 
beach ridges. 
 Modern survey-grade GPS surveying techniques were utilized in order to collect precise 
location and profile data for selected beach ridges.  Points were collected every 250 m along and 
every 1000 m across the 18.7 km combined length of ridges.  Base station 3-D RMSE for the 
survey was 1.0 cm.  Location and elevation for all 103 surveyed sites was used as a baseline for 
soil and vegetation collection, analysis, and results.   
2)  Determine soil physiochemical properties of maritime beach ridges including moisture 
content, bulk density, pH, salinity, loss on ignition, total carbon content, total nitrogen 
content, and total phosphorus content.  
All analyzed soil properties were statistically modeled and were found to have a 
significant positive or negative correlation with elevation data.  The strongest correlation against 
elevation was percent moisture at -0.80, and the weakest correlation was total phosphorus at -
0.46.  All data was statistically significant (p<0.0001) with respect to elevation, and a graphical 
representation of this analysis included a best fit line or curve, 95% confidence intervals, and 
prediction intervals. 
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3)  Determine species composition, cover, and height at surveyed sites in order to compare 
elevation to vegetation dominance. 
  Vegetation data was collected at all surveyed sites.  Species type, percent cover, height, 
and basal diameter (when applicable) were measured at these sites.  Data was used to produce 
species richness, dominance, relative dominance, and relevance tables and graphs.   
 Identification of plant species revealed 25 different types present in the study site.  Using 
frequency data from these species, 11 species were classified as relevant.  Data derived from 
those relevant species were used to produce a categorical, elevation-dependent bar graph for 
comparative study.  This study revealed decreasing herbaceous species dominance from west to 
east, increasing shrub dominance from west to east, and the presence of relevant trees in the top 
elevation category only.  Species richness results showed a strong (0.72), statistically significant 
(p<0.0001), positive correlation with elevation.   
 
Restoration Recommendations 
 One restoration alternative for the study site is to add sediment to the six main ridges in 
the study site to an elevation that would support Quercus virginiana planting along the ridge 
spines.  Several factors, including project life, subsidence rates, and mean tree elevation were 
accounted for.  The cost estimate and planning data represents a rough calculation intended to 
promote further study.    
The subsidence rate for the location nearest to the study site was reported by Shinkle and 
Dokka (2004) to average -11.7 mm/year.  This subsidence estimate includes eustatic sea level 
rise calculations from local tide gauge observations.  Using this data, mean ridge widths and 
elevations, and measured ridge lengths from Chapter 2, a rough sediment volume calculation 
estimate was determined for the six ridges along within the study site.  Computed data for ridges 
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4 and 9, which were not surveyed during this study, was derived from a mean ridge width and 
elevation change from all surveyed ridges.  Lengths were measured using the original ArcGIS 
data. The mean elevation for Quercus virginiana along the four surveyed ridges was 49.7 cm.  
Assuming a project life of 100 years and an average subsidence estimate of -11.7 mm/yr, a 1.12 
m elevation addition is included in the volume calculation.  Average beginning ridge spine 
elevation is recommended at 1.6 m.  Using these figures and a pyramid-shaped ridge structure, a 
rough volume calculation produces an estimate of 1.59 million m3 of material needed to raise the 
six main ridges in the study site to an elevation of 1.6 m.   
Assuming the availability of prepositioned sediment slurry transport systems for use in 
beach nourishment along the southern boundary of the study site, a cost estimate of an additional 
$5.00 per m3 of sediment produces a rough total cost of $8.0 million (Leatherman, 1989).  This 
does not take into account expected difficulties of developing ridge structures from a directed 
flow system.  If distance is factored into the cost equation, transporting sediment from a viable 
source would greatly increase cost.  A planning factor of an additional $1.00 per m3 per mile of 
sediment transport was used to estimate total cost from ship shoal, an offshore sediment source 
with an estimated volume of 1.1 billion m3 (Stone et al., 2004).  In order to move this sediment 
92 km to the study site, cost could exceed $100 million.  
Comparison of data between the Caminada-Moreau maritime beach ridges and the 
Chenier system were beyond the scope of this study, but it is recommended that an analysis of 
these ridges may produce a dataset of vegetation characteristics and soil composition in order to 
fill the data void between 0.805 m and 1.60 m. The current vegetation dominance graph with 
elevation categories represents a recommendation for planting protocol along restored ridges.  
Results from soil composition analyses provide the restorative scientist with a suite of 
characteristics to evaluate sediment prior to planting.  Similarly, it is possible that the existing 
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dataset may be used in similarly flooded areas that fall within the elevation range of this study 
for vegetation and soil restoration protocols. 
 Several alternatives exist for restoration of the Caminada-Moreau beach ridge complex.  
The example above is one possibility for consideration.  A cost-benefit analysis of building ridge 
structures versus filling the area with a level sediment surface may provide additional insight into 
a project’s feasibility in the area.  Considerations include but are not limited to:  storm surge 
protection value, species habitat value, an increase in site longevity due to a more permanent 
structure, revenue potential, and biological productivity increase.    
 
Conclusions 
 The surveyed area in the Caminada-Moreau maritime beach ridge complex has a total 
elevation change of 78 cm.  This small-scale elevation gradient and microtidal setting have 
impacted the soil properties and vegetation communities.  Overall, organic matter, total carbon, 
total nitrogen, total phosphorus, moisture content, and salinity all significantly decreased with 
increasing elevation.  Bulk density and pH were significantly positively correlated, increasing 
with increasing elevation.  11 out of the 25 identified plant species were found to be relevant, 
and species type significantly changed with elevation.  Quercus virginiana was relevant only in 
the highest elevation category, suggesting a minimum elevation of 40 cm for this community.    
 This study has shown that there is a very narrow elevation range for specific vegetation 
communities within a microtopographic setting.  Therefore, successful restoration of this unique 
coastal habitat before it disappears due to subsidence and landward retreat will require very 
precise controls for the elevation and placement of fill material.  These data may also be 
applicable for other restoration efforts along the microtidal gulf coast where specific plant 
species are part of the restoration target. 
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